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1 
Summary 
 The major sorting station of biosynthetic material destined for the cell surface or 
secretion is the trans Golgi Network, TGN. This organelle sorts proteins and lipids into 
vesicular transport carriers that are targeted via different pathways to distinct membrane 
compartments of the cell. The molecular principles that operate in cargo sorting at the 
TGN are still not very well understood. Especially, we know very little about the sorting 
of lipids. It was postulated that a sorting mechanism based on clustering of lipid rafts, 
dynamic membrane domains enriched in sphingolipids and sterols, could be an important 
part of the picture. 
 My thesis study dealt with the elucidation of the molecular sorting principles at 
the TGN and their exploitation for cell surface polarity in the yeast Saccharomyces 
cerevisiae. To this end, we conducted a genome wide screen that identified yeast mutants 
defective in cell surface delivery of the model cargo protein FusMid-GFP. The most 
striking result of this screen was that mutant strains with defects in ergosterol (the major 
yeast sterol) and sphingolipid biosynthesis lost sorting competence. 
 To elucidate a direct role for sphingolipids and ergosterol in cargo sorting and 
secretion we sought to characterize the lipid composition of secretory vesicles. Hence, we 
established a vesicle purification protocol based on an immunoisolation strategy. 
Additionally, in collaboration with the group of A. Shevchenko, we developed a mass 
spectrometry methodology that allows the comprehensive and quantitative lipid analysis 
of subcellular organelles. Preliminary results corroborate our genetic evidence. The data 
show that the vesicles are enriched in sphingolipids and decreased in phosphatidyl-
choline indicating a role for raft clustering in cargo sorting at the TGN. 
 The studies of cell polarity during yeast mating also unraveled a role for raft 
clustering. We could identify that the lipid bilayer at the tip of the mating projection was 
more ordered than at the plasma membrane enclosing the cell body and that this was 
dependent on sphingolipid synthesis. 
 The results of my thesis suggest that in the yeast Saccharomyces cerevisiae 
fundamental cell biological processes such as cargo sorting and vesicle formation at the 
TGN as well as cell surface polarity during mating employ raft clustering mechanisms. 
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Abbreviations 
CEN Centromeric plasmid 
CSM Complete supplement mixture 
DAG Diacylglycerol 
DIC Differential interference contrast 
DRM Detergent resistant membrane 
elo3∆ Deletion of the gene ELO3 
end4-ts Temperature sensitive allele of END4 
ER Endoplasmatic reticulum 
GFP Green fluorescent protein 
GP General polarization 
HDSV High density secretory vesicle 
LCB Long chain base 
LDSV  Light density secretory vesicle 
LEU Leucine 
LTL Linker-TEV-protease site-linker 
M(IP)2C Mannosyl-diinositol-phosphorylceramide 
M9 Ninefold myc affinity tag 
Mat a/α  Mating type a or α 
MIPC Mannosylinositolphosphorylceramide 
NaN3 Sodium azide 
NSF N-ethylmaleimide sensitive factor 
ODu Optical density- unit 
PA Phosphatidic acid 
PAGE  Polyacrylamide-gel-electrophoresis 
PC Phosphatidylcholine 
PE Phosphatidylethanolamine 
PEG Polyethylene glycol 
PI Phosphatidylinositol 
PS  Phosphatidylserine 
rpm Rounds per minute 
RT  Room temperature 
SC Synthetic complete medium 
SDS Sodiumdodecylsulfate 
SNAP Soluble NSF attachment protein 
SNARE SNAPreceptor 
TEV Tobacco etch virus 
TGN trans Golgi Network 
TMD  Trans membrane domain 
URA Uracil 
VLCFA Very long chain fatty acid 
VPS Vacuolar protein sorting 
YPD Yeast peptone dextrose 
YP-Raf Yeast peptone Raffinose 
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Introduction 
  
 Membrane organization is crucial for many cell biological functions.  Specialized 
sorting machineries are responsible for generating and maintaining the composition of 
different membrane compartments within a cell. One of the major sorting stations within 
the cell is the Golgi apparatus (Glick and Malhotra, 1998; Griffiths and Simons, 1986; Gu 
et al., 2001; Keller and Simons, 1997; Mellman and Simons, 1992). Most biosynthetic 
material destined for secretion and the cell surface passes through this organelle. The 
Golgi sorts the arriving material, packs it into vesicular transport carriers and then sends 
the vesicles to specific target membranes. The underlying molecular principles of how 
such sorting machineries work to produce transport carriers are not completely 
understood. 
 Over the last forty years a number of protein-based machineries in sorting and 
vesicle formation have been identified and characterized in great detail. However, it 
became apparent that proteins alone are not sufficient to explain the required mechanism. 
The specific contribution of membrane lipids has been increasingly recognized and lipid 
mediation is of special importance for specific transport pathways leaving the Golgi 
apparatus to the cell surface.  
 How could lipids facilitate these processes? Which lipids are necessary for 
sorting? How would they confer specificity and how would they select for protein cargo? 
How would a lipid assembly contribute to membrane bending and vesicle formation?  
Why is the lipid composition of cell membranes so complex? These are important issues 
for understanding how cells generate and maintain special membrane compartments to 
fulfill their roles in cell physiology.  
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What is a membrane? 
 A membrane is constituted of lipid molecules that can assemble laterally into 
planar lipid monolayers. Two of these leaflets connect in an aqueous environment 
spontaneously to form the basic structure of membranes- the lipid bilayer. Because of its 
hydrophobic core, a bilayer is practically impermeable to salts, sugars and most other 
small hydrophilic molecules. This is the basic quality which makes a membrane the ideal 
structure to separate aqueous environments and specify compartments of distinct 
biological function within a cell. The lipid bilayer separates not only the cell from its 
extracellular environment but also encloses all of the subcellular structures- organelles- 
like the nucleus, the endoplasmatic reticulum (ER), the Golgi apparatus and mitochondria 
just to name a few of them. Together with membrane proteins, these organellar 
membranes exert many different functions. 
 The composition of the membrane, lipid- and protein-wise should give clues to its 
specific biological tasks. Indeed when analyzed, the lipid and protein content of 
subcellular organelles revealed distinct differences. A surprising fact was when 
researchers found that not only spatially separated organelles where different in 
membrane composition but that domains of different composition could be identified 
within the same membrane (van Meer and Simons, 1982).  
 
How are membranes organized?  
 The predominant view of membrane organization for more than thirty years was 
the Singer-Nicolson fluid-mosaic model (Singer and Nicolson, 1972). It suggested that 
within a bilayer lipids function as a passive solvent for membrane proteins. These 
membrane proteins were considered to be mobile and via specific antibodies could be 
clustered into domains of specific protein composition. The possibility of specific 
protein-lipid interaction was alluded to in the description of the fluid mosaic model, 
however, the emphasis was that proteins make the organization of the membrane 
functional.  
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Rafts - a new way of membrane organization 
 Twenty-five years after the mosaic concept was stated in the famous ‘Science-
review’, a new concept appeared which extended the Singer-Nicolson view on the lateral 
organization of the membrane by specific lipid-lipid interactions: the raft idea was 
conceptualized.  
“…But in the fluid bilayer, different lipid species are asymmetrically distributed over the 
exoplasmic and cytoplasmic leaflets of the membrane. The lipids are also organized in 
the lateral dimension and impose more short-range and long-range order than was 
previously recognized,” wrote Simons and Ikonen 1997 in a not less respected review 
dealing with the issue of how lipids could help to organize the membrane (Simons and 
Ikonen, 1997).  
 The core of the idea was that sphingolipids and cholesterol could form membrane 
domains of specific lipid and protein composition that were of functional value because 
they could trigger signaling events or contribute to the organization of membrane traffic 
and cell polarity.  
 A naïve idea at that time was that one could directly access clustered rafts by 
drowning cells in cold detergent and isolating them by gradient centrifugation as a 
detergent-resistant- membrane fraction (DRM), which was assumed to be compositional 
similar to that of native lipid rafts- a correlation that has proven to be useful, but because 
of its simplicity carried great potential to be misused (Schuck et al., 2003).  Nevertheless, 
the original observation that some raft proteins and lipids were detergent- insoluble 
stimulated the idea that there was an intrinsic difference between sub-regions within the 
membrane bilayer. Later on, in association with model membrane studies, this domain 
phenomenon was correlated to the co-existence of different liquid phases within a 
membrane (Simons and Vaz, 2004). Three basic states were defined, a gel-like solid-
ordered so (important e.g. in skin formation), and two liquid crystalline states coexisting 
in a membrane differing only in the degree of conformational freedom of the acyl-chains 
within the lipid molecules: liquid-ordered (lo) with restricted conformational freedom and 
liquid-disorderd (ld) with higher conformational freedom.  
 The aggregation state of a membrane domain was thought to be dependent on the 
LOCAL LIPID composition of the bilayer. Lo domains should be enriched in lipids that 
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had predominantly long and saturated acyl chains, such as sphingolipids, and ld domains 
were enriched in shorter acyl-chain lipids with a higher degree of cis –unsaturation (a 
higher number of C=C, double binds), as for most glycerophospholipids.  Further, in the 
lo domain higher amounts of the sterol cholesterol is found than in ld-domains when they 
are isolated with the detergent method. Similarly, glycosphingolipids were also enriched 
in lo domains.  
It was speculated that the generation of lateral membrane asymmetry by domains based 
on lipid-lipid interactions, could co-organized proteins simply by their differential 
partitioning into a lo or a ld lipid environment (Sprong et al., 2001b).  
 Further, in cells lipid rafts could be clustered to microscopically visible domains 
as was shown for the immunological synapse (Gaus et al., 2005), migrating lymphocytes  
and later the yeast-mating tip (Bagnat and Simons, 2002; Gomez-Mouton et al., 2001) .  
 Since the dawn of this concept a stream of papers was published, trying to 
associate biological function and detergent insolubility. Recently, the field went through 
a big depression and voices rose that expressed significant doubt about the relevance of 
rafts in biology.  
 The major problem was the crude methodology that was available to analyze lipid 
clusters within cells and the fashion among cell biologists to dissolve anything in 
detergents and subsequently claim that a process was raft dependent. A second drawback 
was that the term raft itself implies the association to a stable assembly of wooden logs 
that floats in water. This made it difficult to grasp that the advanced concept defines a 
dynamic assembly of lipids and proteins that as a result of metastability, 
subcompartmentalizes a membrane and under certain stimuli can give rise to a stable 
cluster functioning as a signaling or trafficking platform (Schuck and Simons, 2004; 
Simons and Vaz, 2004).  
 This misunderstanding brought confusion about the original concept and leads me 
back to the beginning from where it all started: compositional cell polarity. 
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The polarity of epithelial cells  
 Epithelia are sheets of tightly linked epithelial cells that separate the organs of an 
organism (Simons and Fuller, 1985). They are specialized to perform a variety of 
vectorial functions like nutrient absorption in the gut, secretory tasks in the liver or multi 
transport functions in the kidney. The basic principle that these different functions rely on 
is the polarized plasma membrane.  The plasma membrane of epithelial cells is 
differentiated into two domains, the apical membrane facing the lumen and the 
basolateral membrane facing the blood supply and the extracellular matrix.  
 
 
 
Figure 1 Schematic representation of a Madin-Darby canine kidney (MDCK) cell. The plasma membrane 
of this epithelial cell is differentiated into two different domains the apical (red) and basolateral (black) 
membrane. The apical membrane faces the lumen of the organ the epithelium resides in and the basolateral 
membrane contacts the surrounding tissue. Apical and basolateral domains are different in protein and lipid 
composition and are separated by the tight junctions which acts as a diffusion barrier (represented by black 
bars between the membrane domains). The compositional difference in these membranes is established and 
maintained by at least two specialized surface delivery routes emerging directly from the trans Golgi 
network to the basolateral and apical surface depicted by the black and red arrow, respectively. The routes 
from the TGN to the surface domains may also involve endosomal stations as intermediates.  
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Apical and basolateral domains of epithelia cells possess unique protein lipid 
compositions, separated by a diffusion barrier, the tight junction (Rodriguez-Boulan and 
Musch, 2005; Simons and van Meer, 1988; Simons and Wandinger-Ness, 1990; van 
Meer et al., 1986; van Meer and Simons, 1986; van Meer and Simons, 1988). The 
differences were established by two approaches. First, by viruses budding primarily from 
the apical or the basolateral membrane, and second by studies with fluorescent 
sphingolipids.  In summary, the result was that the apical plasma membrane of MDCK 
cells was enriched in sphingolipid by a factor of about 2 compared to the basolateral 
domain (van Meer and Simons, 1982; van Meer and Simons, 1986; van Meer and 
Simons, 1988; van Meer et al., 1987). 
 Mass spectrometry based analysis of the apical membrane lipid composition 
recently done by Gerl and coworkers in our lab has corroborated this data and showed an 
increase of all sphingomyelin species and a decrease of all phosphatidylcholine species 
compared to the total cell extract (unpublished). It has long been known from 
compartment studies of membranes from intestinal cells that glycosphingolipids were 
enriched apically. 
  
Phase co-existence in the apical plasma membrane 
 To get further insight into apical membrane organization, Meder et al. undertook a 
broad characterization of the phase behavior of membrane proteins at the apical surface 
of MDCK cells and compared it to unpolarized Ptk2 cells (Meder et al., 2006). They 
analyzed the physical behavior of membrane proteins in the two cell types by 
comparative FRAP (fluorescence recovery after photo bleaching) measurements giving 
diffusion coefficients and thereby information about the long-range order of the 
membrane. The puzzling result of the study was that at 25˚C non-raft proteins in apical 
MDCK membranes diffused slower and recovered less than raft proteins. This was not 
expected from the theoretical predictions that foresaw slower diffusion coefficients for 
raft proteins. However, at higher temperature, diffusion properties and mobility of non-
raft proteins changed in a direction that suggested a lipid phase dependent membrane 
organization. It was put forward that at 25˚C, the majority of the apical membrane was in 
a percolating raft phase hindering the non-raft proteins from fast recovery and diffusion.  
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This study demonstrated first of all for the first time the coexistence of lipid phases but 
also that regulation of the lipid composition could change the phase behavior of 
membranes in living cells.   
 How the cell achieves specific lipid as well as protein sorting is essential for 
understanding how surface polarity is generated and maintained (Rodriguez-Boulan et al., 
2005; Rodriguez-Boulan et al., 2004; Schuck and Simons, 2004). 
 
Biosynthetic cargo is sorted in the trans Golgi Network - TGN 
 Especially from two approaches exploiting the same tools as mentioned earlier, 
virus trafficking and fluorescent lipid analogue tracing it became clear that the major 
sorting station for biosynthetic material in MDCK cells was the Golgi apparatus. One 
ingenious paper that deserves special attention in that context came from Steve Fuller in 
the Simons lab (Fuller et al., 1985). He coinfected MDCK cells (Madin-Darby kidney 
cells) with an apical-bound influenza virus and a basolateral virus (vesicular stomatitis 
virus, VSV) (Fuller et al., 1984; Matlin and Simons, 1983; Matlin and Simons, 1984). 
Imposing a secretion block by lowering the temperature to 20˚C it was found that 
neuraminidase, a protein of the influenza virus acted on the spike glycoprotein of VSV, 
showing that during the secretory block both proteins shared the same sorting station 
before arriving at different domains at the plasma membrane. Later, the sorting station 
was termed the trans-Golgi network (TGN) (Griffiths and Simons, 1986). 
 A paper from Gerrit van Meer dealt with the lipid side of the sorting problem (van 
Meer and Simons, 1988). He described that C6-NBD ceramide, a fluorescent lipid analog 
fed to cells was metabolized in the Golgi judged by its incorporation into sphingomyelin 
and glucosylceramide, both produced in the Golgi from ceramide and that 
glucosylceramide was preferentially sorted to the apical site of the plasma membrane, 
directly after TGN exit.  
 The stage was now set for the investigation of how cargo was sorted into these 
two different surface delivery pathways to the apical and the basolateral membrane of 
polarized epithelium cells. 
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Cargo sorting at the trans Golgi Network - but how? 
 In 1992 Mellman and Simons stated in a review in Cell that “The trans-Golgi 
network is viewed as the compartment that mediates the sorting and final exit of the 
material from the Golgi”. Concerning the formation of transport carriers they built their 
arguments on the temperature block experiments (by that time seven years old) and on 
the differently trafficking viruses. It was still a mystery how cargo was sorted in the trans 
Golgi network. Fourteen years later, 2006, in the most recent review on “The formation 
of TGN-to-Plasma Membrane Transport Carriers” written by Frédéric Bard and Vivek 
Malhotra in the Annual Reviews of Cell Biology (Bard and Malhotra, 2006), the first of 
the future questions is still the same: “1.How is the cell surface destined cargo sorted and 
packed? Do soluble secretory proteins have specific receptors for sorting? Do integral 
membrane proteins interact via their cytoplasmic tail with specific receptors for 
packaging and sorting? 
 It seems as if the field has been hibernating for more than twenty years. This is of 
course not true. Sorting at the TGN is a very challenging problem whose solution may be 
at odds with our textbook based knowledge. Look at the questions Bard and Malhotra 
pose. Judged from the fact that so far not a single sorting receptor (except for the 
basolateral adaptors (Folsch et al., 1999; Sugimoto et al., 2002)) is found we may have to 
reconsider our premises. 
  There have been many incremental steps made towards alternative solutions of 
the problem. These findings will contribute to the comprehensive picture of TGN-plasma 
membrane delivery, but the complexity of the problem has so far prevented the 
integration of the results.   
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The classical way - coats and adaptors  
The clathrin system  
 The classical view of how cargo sorting works is based on the function of clathrin 
which grabs cargo via an adaptor protein (AP-proteins), concentrates the whole complex 
into a clathrin coated pit from which, regulated by GTPases, a vesicle will form.  This 
view originally came from endocytosis where clathrin coated vesicles pinch off the 
plasma membrane and fuse later on after uncoating to the first station of inward 
membrane traffic, the early endosome (Kirchhausen, 2000; Kirchhausen, 2002).  
  
Lysosomal delivery - Mannose-6-phosphate based sorting 
 Cargo traffic from the TGN to the lysosome follows the same dogma. The 
mannose-6-phosphate modification of lysosomal enzymes is the sorting signal recognized 
by a sorting receptor- the mannose-6-phosphate receptor-which binds to an adaptor that 
recruits clathrin (Le Borgne and Hoflack, 1997; Waguri et al., 2003). Together, they 
produce the coated vesicle that then, after uncoating, fuses with the lysosome to deliver 
its cargo (Bonifacino and Traub, 2003; Ghosh et al., 2003; Griffiths et al., 1988; Kornfeld 
and Mellman, 1989). 
  
The secretory coats - COPII  
 Coat-mediated vesicle formation has also been established for the secretory 
pathway. Schekman and his group carried out a detailed study of a coat called COPII 
(Sec23-Sec24p, Sec13p-Sec31p) that regulates the early traffic from the endoplasmatic 
reticulum to the cis cisterna of the Golgi apparatus (Fromme and Schekman, 2005; Kuehn 
et al., 1998; Matsuoka et al., 1998; Miller et al., 2003). Cargo binds directly to COPII 
components or to ER exit cargo receptors (Erv29/25, Emp24, 46, 47p) that interact with 
the COPII proteins (Bonifacino and Glick, 2004). Coat assembly and disassembly is 
organized via the GTPase Sar1p. Additionally, this protein was shown to induce the 
necessary membrane bending during vesicle formation at the ER. 
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The secretory coats - COPI  
 Retrograde traffic from the early Golgi to the endoplasmatic reticulum and 
bidirectional transport within the Golgi is mediated by the heptameric 700kDa protein 
complex COPI (Bremser et al., 1999; Orci et al., 1993; Orci et al., 1997; Ostermann et al., 
1993). Briefly, ARF1, a myristoylated GTPase interacts with a single transmembrane 
spanning protein of the p24 family and initiates the coat assembly at the membrane 
(Lippincott-Schwartz and Liu, 2006; Nickel et al., 2002; Takamori et al., 2006; Warren 
and Malhotra, 1998). The sequence motif that confers cargo recognition is the classical 
KKXX-ER retrieval signal. Interestingly, COPI vesicles show lipid preference. In a 
detailed analysis of the COPI vesicle lipidome Wieland and collegues found an 
enrichment for phosphatidylcholine PC and a decrease of sphingomyelin, the major 
sphingolipid (Brugger et al., 2000).  
 
The basolateral sorting route 
 Cargo sorting to the basolateral domain of epithelia cells is regulated via 
cytoplasmic protein-borne signals, which are tyrosine (YXXO) or dileucine (LL/IL) 
based. Dileucine based signals are targets for the adaptor proteins AP-1, AP-2, and AP-3 
with variations of the motif preferentially bound by one of the adaptors (Folsch et al., 
1999; Folsch et al., 2003). Tyrosine based sorting signals are found in the basolaterally 
sorted VSV-G protein and the lipoprotein particle- (LDL)- receptor. Recently, it has been 
identified that some secretory cargo passes on the way to the surface through endosomal 
compartments (Ang et al., 2004; Schuck et al., 2007). However, there is so far no coat 
identified for this type of containers.  
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Vesicle fission - lipids guide the way  
 The last step of vesicle formation is fission, which sets the container free. 
Classical models also exist here from the work on endocytosis where the GTPase 
dynamin was attributed with the major function of vesicle scission. Although dynamin 
also functions at the Golgi, additional aspects relevant for membrane fission have been 
explored.  
 Membrane fission at the TGN in the formation of basolaterally targeted transport 
carriers is regulated by the serine/threonine kinase Protein Kinase D (PKD) (Bard and 
Malhotra, 2006). Surprisingly, localization of PKD to sites of fission is dependent on 
DAG, diacylglycerol. DAG is a direct side-product of many lipid metabolizing reactions 
(Kearns et al., 1997), one of which is the generation of sphingomyelin from 
phosphatidylcholine and ceramide. Interestingly, PKD localization is compromised when 
sphingolipid synthesis is blocked pharmacologically. This is a convincingly documented 
system where a change of organelle structure is directly dependent on lipid homeostasis.  
 Additionally, it seems that vesicle fission at the Golgi and the plasma membrane 
requires lipid modification. The production of phosphatidic acid from lyso-phosphatidic 
acid and acyl-CoA was suggested to be involved in vesicle formation (Bonazzi et al., 
2005; Schmidt et al., 1999; Weigert et al., 1999). However, these results have been 
challenged recently (Gallop et al., 2005).  
  
The quest for the apical sorting machinery 
 Having unraveled the elements of basolateral and lysosomal exit routes from the 
TGN we are still left with an empty page of how the apical transport carrier is formed.  
 Actually, this page is not as empty, as it seems. We know the factors that play a 
role in apical sorting almost to a similar depth as we know the basolateral ones. 
Surprisingly, apical vesicle formation does not apply an adaptor-based membrane 
deformation system, but seems to work fundamentally different from the mechanisms 
introduced so far.  
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Raft based sorting platforms in the TGN  
 The major breakthrough for an alternative mechanism in apical transport carrier 
formation started with the surprising finding that a GPI-(glycosylphosphatidylinositol) 
anchored protein, the human placental alkaline phosphatase PLAP, expressed in MDCK-
II cells, became detergent insoluble during its biosynthetic transport (Brown and Rose, 
1992). A clue had already emerged from sorting work on influenza HA.  The clever part 
of the PLAP-story was that Brown and Rose combined detergent insolubility, lipid and 
secretory pathway analysis.  They first wanted to know in which trafficking compartment  
detergent resistance was acquired. Exploiting the modification of glycans in the Golgi, 
they found that a pool of pulse-chased radioactive PLAP gained detergent resistance in 
the TGN, from where it was sorted apically. Detailed scrutiny revealed that this was an 
effect independent of the cytoskeleton but most likely caused by lipids as it was found 
that the detergent insoluble fraction, probably a mixture of TGN and secretory vesicles 
(and plasma membrane), was sphingolipid and cholesterol enriched. 
 These findings could then be summarized as follows:“GSL-glycosphingolipids- 
are preferentially sorted to the apical surface. Simons and colleagues have proposed that 
GSL-rich patches exist in the TGN and that apical proteins associate with the lipids for 
packaging into apical transport vesicles. So far (before their paper), there has been no 
demonstration of any association of apical proteins with GSLs. The vesicles that we have 
described have the properties that would be expected of the patches postulated by 
Simons.” 
 In retrospective, the idea was of course that within the TGN membrane domains -
lipid rafts- would form as sorting platforms to selectively sort apical from basolateral 
cargo. Rafts are, as accordingly described in the section, Rafts-a new way of membrane 
organization, higher in conformational order (lo), enriched in sphingolipid and sterols and 
thus could drag along specific proteins preferring this environment. The first sorting 
signal for apical delivery was found: raft association. 
 A “real” signal however for general recognition among cell biologists has to look 
different. Some researchers even doubt until now that the sub-compartmentalization of 
membranes in a lipid dependent manner would exist at all. I think these are hard cases to 
convince, but a lot was done to identify specific molecules that played a role in the raft-
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clustering concept.  In 2000, a paper complementing the Brown and Rose study, appeared 
by Lipardi et al. which shows that the surface transport of GPI anchored expressed in 
thyroid cells was not only cholesterol but also sphingolipid dependent, speaking strongly 
for a raft clustering mechanism in the Golgi (Lipardi et al., 2000).  
 A question that remains is, whether these sorting principles affecting the lipid 
modified GPI-anchored proteins also apply for trans-membrane proteins.  
 
Influenza virus HA protein requires cholesterol for apical delivery 
 A study by Keller et al. took up that question and used the well-established fact 
that influenza virus haemagglutinin HA traffics on a direct sorting route from the TGN to 
the apical cell surface (Keller and Simons, 1998). If this route is raft lipid dependent one 
expects that when raft lipids are depleted, HA should not be routed to the apical cell 
surface anymore. Indeed, depletion of cholesterol had the effect of mistargeting HA. This 
mistargeting effect was later shown by Scheiffele et al. to be caused by the requirement 
of the trans membrane domain of HA to interact with cholesterol and sphingomyelin 
enriched membrane domains (Scheiffele et al., 1997). Presumably, the sorting defects 
were due to inefficient clustering of raft components.  
 A criticism of this experiment was of course the argument again hitting at the 
specificity of these results: how surprising is it that depleting a major lipid from 
membranes collapses membrane traffic? Take the cement out of the wall of a house and 
the roof crashes to the floor. Although going in the right direction, the mechanism, not 
least by its simplicity, still was very incomplete. Specific clustering factors were needed.  
 
Annexin XIIIb - a cytosolic apical clustering agent  
 In the quest for specific molecules organizing the apical sorting route, it was 
necessary to implement proteins that would in the end regulate the cargo clustering at the 
TGN. From the post Golgi vesicle isolation done by Wandinger-Ness, Bennett and co-
workers, several candidate proteins appeared (Wandinger-Ness et al., 1990). One of them 
traveling on the apical-bound vesicles (co-isolated with HA as bait) was Annexin XIIIb, a 
myristoylated periferal membrane protein with binding characteristics for acidic 
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phospholipids. A paper by Frank Lafont et al. showed that this protein was specifically 
regulating the surface arrival of HA (Lafont et al., 1998). He applied a specific block by 
injecting anti-Annexin XIIIb antibody into MDCK cells and found that HA TGN budding 
was compromised. The control, budding of basolateral bound VSV-G, showed no effect 
after antibody injection. Annexin XIIIb was also associated with detergent resistant 
membranes corroborating the idea that it would support raft clustering at the TGN and 
form platforms for apical vesicle generation. 
 
Protein glycosylation regulates apical sorting - lumenal clustering 
 Another interesting aspect of apical cargo sorting was discovered by work on rat 
growth hormone, which is a soluble secreted protein. Rat growth hormone was 
incorporated into apical transport vesicles of MDCK cells by addition of N-glycans. This 
finding was very convincing as the sorting stringency increased with the number of N-
glycans attached to the protein (Scheiffele et al., 1995).  
 As protein glycosylation happens on the luminal site of the Golgi, a machinery 
that would use glycosylation as a sorting signal had to act in the TGN lumen. Candidate 
proteins were sugar-binding lectins, that together with cytoplasmic factors like  Annexin 
XIIIb, could stabilize the raft cluster from which the apical carrier would then be formed.  
 A fact that made luminal clustering an attractive part of the mechanism for raft 
clustering was that studies on the lipid polarity within MDCK cells revealed lipid 
asymmetry within the two leaflets of the apical lipid bilayer.  
 The exoplasmic (=luminal) leaflet of the apical membrane was apparently 
enriched in the raft components sphingolipids and cholesterol and contained as minor 
glycerophospholipid constituent phosphatidylcholine (van Meer and Simons, 1988) .  
 The cytoplasmic leaflet comprised phosphatidylethanolamine PE, 
phosphatidylinositol PI, and phosphatidylserine PS (Simons and van Meer, 1988).   
 If a sorting factor that operates at the luminal side of the Golgi membrane exists is 
still elusive. Clustering of the luminal lipids could also be conferred by bilayer coupling 
mechanisms transducing the cytoplasmic clustering to the luminal leaflet.  
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Hierarchy of sorting signals  
 In order to assure maintenance of membrane polarity the sorting principles at the 
TGN have to be specific. In summary, we have seen so far that the basolateral pathway 
depends on the sorting signal of the cargo protein, an adaptor and most likely coat-
proteins. Specificity of carrier fusion at the target membrane was shown to depend on the 
polarized distribution of SNARE (soluble NSF adaptor-protein receptor) proteins. The 
apical pathway is dependent on raft clustering which is induced by cytoplasmic and 
luminal machinery elements.  
 Interestingly, attaching a tyrosine based sorting signal to the apical cargo HA 
forces this protein into basolateral vesicles. However, it is not possible to transfer one of 
the apical signals to a basolateral cargo and achieve a rerouting to the apical membrane. 
Basolateral sorting signals are clearly dominant over the known apical ones.  
 Further, it is still an open question if raft carriers exclusively take the apical route. 
Whether additional carriers exist or if one population of vesicles achieves to set up the 
complex composition of the apical membrane is still an open question. To answer this we 
need to isolate the respective vesicles and determine their lipid and protein composition.  
  
Apical sorting in a default pathway?  
 An alternative model to a specific apical sorting route would be that active cargo 
sorting only exists for the basolateral route of the epithelial cell and everything that 
remains in the TGN is arriving via a default surface pathway to the apical membrane. It is 
of course difficult to envisage how this could result in lipid sorting since there is no 
known signal for lipids in the basolateral direction. Another issue is whether there is 
cargo segragation in unpolarized cell-types.  
 
Cargo sorting in unpolarized Ptk2 cells - live 
 To provide an answer to this question, cargo sorting was analyzed by real time 
video microscopy in unpolarized fibroblasts and was compared to the behavior of the 
cargo in polarized MDCK cells. CFP-GL-GPI, and VSVG3-SP-YFP, an N-glycosylated 
GPI anchored protein, combining three of the previously discussed apical sorting signals 
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(DRM association, GPI anchored and N-glycosylated) and a basolateral protein, 
respectively were chosen as model cargoes. The apical cargo was detergent resistant and 
the basolateral detergent soluble.  
 When these two markers were co-expressed in unpolarized Ptk2 cells they could 
be traced in separate transport carriers leaving the TGN later fusing at the nonpolarized 
surface of the Ptk2 cell. Obviously, the sorting signals were also active in cells that had no 
apparent polarity suggesting that the polarity cues operating in MDCK cells were of a 
general nature and cargo for both pathways is actively sorted into the respective  transport 
carriers (Keller et al., 2001).      
  
Lipids link composition to function 
 With the construction of an apical membrane by controlled and specific sorting of 
components to the surface the cell has the possibility to influence intrinsic physical 
membrane properties. These could directly regulate the molecular function of integral 
membrane proteins. One aspect of the specific lipid composition of the apical membrane 
is reflected by the phase behavior introduced earlier in the text. It is very likely that these 
peculiar physical properties of the membrane have more effects than just serving as a 
tight barrier to the hostile luminal space of an epithelial cell. We know already some 
examples where enzyme activity or ligand affinity of membrane proteins is tightly linked 
to the composition of the lipid environment. 
  Whether these effects, like sorting at the TGN, also depend on raft clustering has 
to be analyzed in more detail. It would be of intriguing elegance if the cell could couple 
sorting principles and functional regulation with one and the same tool- lipid 
composition. 
 
Now let us consider if a simple unicellular eukaryotic organism, Saccharomyces 
cerevisiae, uses the same principles at the TGN for sorting and cell surface delivery as 
more complicated epithelial cells. Are these mechanisms evolutionary conserved? 
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The secretory pathways of yeast 
 The unicellular eukaryote Saccharomyces cerevisiae, or baker’s yeast, is similar 
in its architecture of intracellular organelle structures to higher eukaryotic organisms as 
discussed earlier for MDCK cells (Figure 2). Secretory cargo is synthesized at the ER and 
transported via the Golgi to the cell surface. The plasma membrane of yeast is tightly 
linked to a polysaccharide based cell wall that withstands the high osmotic pressure 
within the cell, the so-called turgor-pressure.  
 
 
Figure 2 Baker’s yeast, Saccharomyces cerevisiae, is a unicellular eukaryote. Its intracellular organelle 
organization is similar to the one of more complex cell-types as shown for MDCK cells in Figure 1. 
Secretory cargo is synthesized at the ER and delivered via the Golgi apparatus to the cell surface. Note that 
in S,cerevisiae the Golgi cisternae are not stacked like in higher eukaryotic cells. Two distinct plasma 
membrane delivery pathways transport secretory cargo from the last of the Golgi stations, the TGN, to the 
cell surface. Transport carriers fuse with the plasma membrane at the tip of the growing daughter cell 
indicated by the black circle at the top of the picture.   
  
 
 Yeast research has been instrumental in unraveling basic cell biological problems 
from cell cycle control to the basic features of membrane traffic. In a seminal paper, in 
1980 in Cell, Randy Schekman, Peter Novick and Charles Field published a list of 
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secretory pathway mutants that laid the basis for the molecular understanding of the 
membrane traffic guiding secretion (Novick et al., 1980). They analyzed yeast cells after 
the arbitrary introduction of mutations by a chemical mutagen. They had demonstrated 
before that secretory “sec” mutants increased in buoyant density on gradient 
centrifugations (Novick and Schekman, 1979). With this tool in hand they could identify 
a large number of mutants. 
 This screen was one of the most fruitful projects in modern biology comparable to 
the developmental patterning screen of Christiane Nüsslein-Volhard and Erik 
Wieschhaus (Nusslein-Volhard and Wieschaus, 1980). It was the base on which such key 
elements of membrane traffic were discovered like the mechanism of Rab-cascades 
(Segev, 2001), the sequential interplay of GTPases that help to mark organelles and 
ensure unidirectionality of membrane flow, the discovery of SNARE proteins and the 
associated tethering machineries (Guo et al., 1999) that provide specificity of vesicle-to-
target-membrane fusion and the working principle of coat mediated vesicle transport 
between ER and early Golgi apparatus, now called COPII (Bonifacino and Glick, 2004; 
McNew et al., 2000; Rothman and Warren, 1994).   
 Remarkably, this screen and others, was not able to identify mutants defective in 
cargo sorting at the trans-Golgi network.  
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The late secretory pathway of yeast 
 Similar to mammalian cells yeast possess several surface delivery routes (Figure 
2) and at least three pathways leaving the trans-Golgi network (Figure 3). Two of the 
pathways carry secretory cargo to the plasma membrane (Gurunathan et al., 2002; Harsay 
and Bretscher, 1995; Harsay and Schekman, 2002) and the third is thought to be a direct 
route to the yeast lysosome, the vacuole (Rehling et al., 1999).  
  The vacuolar delivery route and one of the two plasma membrane-bound 
pathways follow the classical coat mediated sorting paradigm. The remaining third route 
suffers from the same problem of the apical delivery route of MDCK cells, in that it is 
poorly understood.  
 
 
Figure 3 Schematic representation of yeast membrane traffic routes. Cargo exits the Golgi  into three 
major directions, the vacuole (the yeast lysosome), the endosomal compartments and the plasma 
membrane. There are at least two distinct surface delivery routes, one direct pathway in (red), and one that 
uses the endosomes as an intermediate station (in black).  
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Two pathways to the cell surface 
 Yeast has at least two different kinds of secretory vesicles as they separate on 
gradient centrifugation to fractions of different density (Gurunathan et al., 2002; Harsay 
and Bretscher, 1995; Harsay and Schekman, 2002). The major plasma membrane protein, 
Pma1p, travels in a vesicle population of light density: light density secretory vesicles, 
LDSV. The soluble secreted proteins, invertase and acidic phosphatase, travel in the high 
density secretory vesicle (HDSV) population. The formation of HDSV is clathrin and 
dynamin dependent and is probably directed to the endosomal system before it reaches 
the plasma membrane by an unknown mechanism.  
 
 
Figure 4 Secretory vesicles in yeast occur in at least two different populations. Heavy density and light 
density secretory vesicles can be separated (HDSV and LDSV, respectively) by gradient centrifugation. 
Both differ in protein cargo and presumably different in lipid composition. The cargo proteins for HDSVs 
are the soluble secreted proteins invertase and acidic phosphatase. Pma1p is the major marker of the light 
density secretory vesicles. We use FusMid-GFP as LDSV marker in this work.  
 
 These two pathways are partially functionally redundant which is probably the 
reason why a complete description of the system is not yet available. When CHC1, 
clathrin heavy chain, or dynamin VPS1 is deleted from the yeast genome, a rescue of 
HDSV cargo occurs via the light density secretory pathway. Surprisingly, this density 
shift from high to light density secretory vesicles also occurs in mutants of the late 
endosomal pathway (i.e. pep12∆, the late endosome t-SNARE, or vps4∆ an MVB, 
multivesicular body associated factor) indicating a role for this organelle in surface 
delivery of HDSV cargo (Gurunathan et al., 2002; Harsay and Schekman, 2002).  
 Both of the pathways are dependent on the secretory Rab protein Sec4p (Goud et 
al., 1988) that mediates the interaction of both vesicle populations with the tethering 
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complex at the plasma membrane called Exocyst (an octameric complex of Sec proteins: 
Sec3, 5, 6, 8, 10, 15, Exo70, 84) (TerBush et al., 1996). 
 The interaction with the exocyst precedes the final fusion reaction executed by 
SNARE proteins (soluble NSF adaptor protein receptor), three in number, two sitting at 
the plasma membrane, Syntaxin and SNAP25 (in yeast Sso1/2p and Sec9p respectively) 
and one coming with the vesicle synaptobrevin called Snc1p in yeast. 
 
Cargo sorting at the trans Golgi Network in yeast 
 Since 1995 when the two vesicle populations were found, the hunt for the 
molecular sorting machinery at the trans-Golgi network was also launched in yeast. The 
same story as for MDCK cells repeated for one of the pathways. Here, the Pma1p 
transporting route (LDSV) resisted enquiry, no coat came out of the test tubes and no 
general sorting principle was in sight.  
 Bagnat and coworkers took on the quest of finding out if the sorting principles 
described in MDCK cells would also operate at the Golgi apparatus of yeast. The 
motivation was twofold. First, it was very important to understand how yeast sorted its 
cargo at the TGN, and second, it was really tempting to find out if one could identify 
eventual factors that had been overlooked in MDCK cells and finally if the surface 
organization principles of these two organisms had anything in common with each other.  
 The first step was to find out whether Pma1p sorting could be sphingolipid or 
sterol dependent. In the case of a positive result then, in analogy to the study on PLAP 
and HA, a follow-up project could answer whether Pma1p became detergent-resistant and 
where this happened. The results were clearcut: Pma1p became DRM associated in the 
Golgi apparatus. In contrast, a GPI anchored protein, Gas1p, did so already in the ER. 
Further, when the sphingolipid-synthesis- machinery was interfered with, Pma1p was 
missorted to the vacuole (Bagnat et al., 2001; Bagnat et al., 2000). A genetic study by 
Amy Chang et al. identified an accessory protein of Pma1p, Ast1p, which is able to 
oligomerize Pma1p and to facilitate the surface delivery of the pump (Bagnat et al., 2001; 
Chang and Fink, 1995).  So, the first steps in yeast seemed to corroborate the findings in 
MDCK cells, a raft clustering mechanism could be responsible for surface delivery of the 
direct TGN to plasma membrane pathway.  
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 Other examples that quickly followed from different labs included that Tat2p, the 
high affinity tryptophan permease, was sorted in raft dependent manner to the cell surface 
(Umebayashi and Nakano, 2003).  
 Recently, a result from the Pelham lab went in the same line and showed that the 
subcellular allocation of a membrane protein was lipid dependent. Valdez-Taubas et al. 
found that the t-SNARE Tlg1p was localizing to early endosomes only as a palmitoylated 
version. When the palmitoyl transferase was knocked out, the Tlg1-protein was sent for 
degradation to the vacuole (Valdez-Taubas and Pelham, 2005).  
 Intringuingly, such lipid modification mechanisms that determine the subcellular 
localization of proteins are also found for GTPases of the Ras family in mammalian cells. 
Rocks et al. found that the lipid modification of N- and H-Ras determined their presence 
at the plasma membrane or at the Golgi apparatus and, thus, could even influence their 
signaling activity (Rocks et al., 2005). Probably, though not shown conclusively, this was 
also dependent on their presence in or outside of lipid rafts (Meder and Simons, 2005).  
 Raft dependent sorting could also be mediated by membrane thickness (Holthuis 
et al., 2001; Sprong et al., 2001b). The difference in thickness of different membranes 
was attributed to the different lipid composition as the bilayer matures during the passage 
from one station to the other in the secretory pathway.  The concept then was pretty 
straight forward and suggested that membrane proteins with a longer trans membrane 
domain (TMD) would prefer by physical interpretation of hydrophobic matching thicker 
lipid bilayers. For the yeast t-SNARE Ufe1p, an ER resident protein, this idea holds true 
as elongation of its TMD triggered a mislocalization of the protein to the thicker 
membranes of the cell surface and the vacuole (Rayner and Pelham, 1997).  
 However, this sorting concept of the hydrophobic match was again not a 
dominant one and could not explain the working principle of lipid based sorting as there 
are a number of examples where the exchange of transmembrane domains did not lead to 
differential sorting.  
 The palmitoylation of proteins discussed for Tlg1p and the Ras proteins is also 
confronted with controversial data as for example the major non raft associated protein in 
mammalian cells, the transferrin receptor, TFR, is also palmitoylated.  
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 It is becoming increasingly evident that the sorting of membrane-associated 
proteins indeed is not dependent on only just one signal for its proper localization but 
several parameters have to be interpreted for correct distribution. It would also not be 
surprising if after detailed scrutiny of the receptor-adaptor-coat system more than just the 
cytoplasmic sorting signal were necessary for inclusion into coated vesicles.  
Signals from the membrane complement the sorting paradigms 
 It is difficult to imagine that the classical receptor-adaptor-coat principle could 
work without information coming from the membrane site itself to identify where the 
coat should assemble. Work from the Kirchhausen lab, Helen Yin, Wieland and collegues 
and the Hoflack lab took on that issue and revealed that, indeed, coats communicate more 
intensely than previously postulated with the membrane which they operate on.  
 Kirchhausen demonstrated that the clathrin coat-mediated vesicle formation 
during endocytosis was triggered by a critical cargo concentration (Ehrlich et al., 2004). 
This may not seem to be discordant with the accepted coat model, but one additional 
feature has to be added here. It was the discovery that the process of vesicle formation 
was not directed from the cytoplasm by coat assembly alone, but that also the cargo 
protein was responsible for providing a cue to the vesicle formation. Only when the 
correct cargo was present at the plasma membrane and its concentration was high 
enough, could the vesiculation machinery get a green light for the commitment to form a 
carrier.  
 A year before, it was shown by the Yin lab that recruitment of the adaptor protein 
AP-1 required more than just a sorting signal within, for example, the cytoplasmic tail of 
the mannose-6-phosphate receptor (Wang et al., 2003). They had shown that AP-1 
recruitment to the TGN necessitated the presence of a special class of 
glycerophopholipids, so called phosphoinositides, or PIPs. PIPs are phosphatidylinositols 
that are phosphorylated at different positions of the inositol-headgroup and are used by 
the cell to give molecular identity to the Golgi, endosomes, lysosomes and the plasma 
membrane (De Camilli et al., 1996; De Camilli and Meldolesi, 1974). The plasma 
membrane PIP carries two phosphates at position 4 and 5 making PI4,5P2 (De Camilli et 
al., 1996; Simonsen et al., 2001). The vacuoles/ lysosomes carry PI3,5P2, the endosomes 
are marked by PI3P (Di Paolo and De Camilli, 2006) and the Golgi apparatus by PI4P 
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(De Matteis and D'Angelo, 2007). AP-1 that forms clathrin-coated vesicles at the TGN 
shows a direct affinity for the major Golgi membrane marker PI4P. When interfered with 
by PI-4 kinase inhibitors or by means of RNA interference against the kinase, AP-1 loses 
its contact to Golgi membranes and disperses all over the cell. Similarly to that 
observation, the AP-2 complex is also dependent on the PIP organelle identity system, as 
it binds directly to the major plasma membrane phosphoinositide PI4,5P2 (Collins et al., 
2002).  
 Baust et al. transferred this system into an in vitro approach and found that 
different adaptor complexes were recruited in a PIP dependent manner to artificial 
liposomes. This work confirmed that AP-1 components were recruited to liposomes in a 
PI4P dependent manner and added another piece of the puzzle, which was that AP-3 
subunits were preferentially bound to liposomes that were spiked with PI3P (Baust et al., 
2006).  
 Wieland and coworkers found another lipid dependent communication of coat and 
membrane. By purification of vesicles from isolated Golgi formed by the heptameric coat 
oligomer COPI, they could show that these vesicles were significantly different in lipid 
composition than that of their Golgi donor membrane. COPI vesicles were found to 
mediate retrograde transport from the Golgi to the ER and take part in bidirectional traffic 
within the Golgi. Interestingly, COPI vesicle membranes were enriched in the 
glycerophospholipid PC and significantly reduced in sphingomyelin (Brugger et al., 
2000). Given the fact that these two lipids have the same choline headgroup, this finding 
opens a field of lipid sorting by coat machineries. In the case of COPI, this is probably 
done by the myristoylated GTPase ARF1 that recognizes single transmembrane proteins 
of the p24- family which most likely confer the lipid specificity of the process. 
 In summary, there is a lot of evidence in the literature that sorting machineries 
operate not only on the protein level but are highly connected to lipid based organization 
principles. The only bad news for the riddle of sorting at the TGN is that all of the 
described mechanisms work on the classical routes, endocytosis, Golgi to ER and TGN to 
lysosome transport.  
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Pik1p and Ypt31/32p and FAPP2 form sorting domains in the TGN 
 Nevertheless, there are new developments that throw light on Golgi exit. Genetic 
screens in yeast revealed at least two major mutants, sec14 and pik1, that are blocked in 
Golgi exit.  
 PIKI codes for a lipid kinase that produces PI4P, the Golgi PIP marker. When this 
essential mutant is shifted to restrictive temperature at 37˚C, yeast cells undergo a 
number of morphological and functional changes. First, the Golgi apparatus blows up and 
forms so-called Berkeley bodies (Walch-Solimena and Novick, 1999). Second, the actin 
cytoskeleton is deranged in a fatal manner and the soluble secretory cargo invertase is 
accumulated inside the cell. These results support the idea of compartment identity 
conferred by PIPs and exit from the Golgi is completely blocked when the respective 
phosphoinositide is not produced anymore. This fatal damage in pik1 rises however the 
possibility that other factors than the AP-1 protein could also be recruited to the Golgi via 
interaction with PI4P.   
 In mammalian cells such accessory factors are known: FAPP1 and FAPP2 (Godi 
et al., 2004; Vieira et al., 2006). These are ‘four phosphate adaptor proteins’ and localize 
in a PI4P dependent manner to the TGN. RNAi based reduction of these proteins in 
polarized epithelia cells have direct impact on the membrane organization of the apical 
domain, assessed by FRAP measurements as for a study by Viera et al. (compare (Meder 
et al., 2006)) (Vieira et al., 2006). Further, FAPP2 kd experiments show that a functional 
domain of MDCK cells, the primary cilium, cannot form anymore and that secretory 
vesicles accumulate subapically beneath the target membrane (Vieira et al., 2006). Thus, 
this PI4P effector protein has a functional impact downstream of Golgi organization. An 
interesting feature of this protein is that it contains a glycolipid-binding domain, GLTP 
(Malinina et al., 2004). This suggests that the protein is a glycolipid transfer protein that 
mediates non-vesicular transport of sphingolipids between different organelles as it was 
shown for CERT (Hanada et al., 2003). Alternatively, it will be of interest to analyze 
whether this protein interacts not only with PI4P on the cytoplasmic leaflet but also with 
the cytoplasmic glycolipid glucosylceramide. This dual signal recognition could support 
cytoplasmically the formation of a raft domain within the TGN and organize carrier 
formation and apical cargo sorting.  
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 By means of dual signals, it is also assumed that myristoylated GTPases like Rab 
proteins could organize membrane domains by binding simultaneously to effectors and 
interacting with the membrane by the lipid anchor (Zerial and McBride, 2001). As for the 
yeast Golgi apparatus the GTPases Ypt31p and Ypt32p play a role in TGN cargo exit and 
are candidates for regulating cargo enrichment into vesicle destined for the cell surface 
(Sciorra et al., 2005). 
To observe sorting defects both, Ypt31/32p have to be eliminated. Single deletions are 
backed up by the proteins’ redundancy. Moreover, by genetic methods a crosstalk 
between Ypt31/32p and Pik1p was established and shows how these separated elements 
are interconnected.  
 
A look at sec14 - lipid balance and secretion 
 Sec14p is a yeast phosphatidylinositol/phosphatidylcholine transfer protein 
studied mainly in the lab of Vytas Bankaitis (Cleves et al., 1991; Kearns et al., 1997; 
McGee et al., 1994). Temperature increase in the temperature sensitive sec14 mutant to 
37˚C makes the cells secretion incompetent and cargo gets clogged in the Golgi 
apparatus. A paper from 1994 (McGee et al., 1994) demonstrated by lipid analysis of 
cells an aberrant ratio of PI and PC in the Golgi of mutant cells. Overexpression of  
SEC14 had an impact on the CDP-choline pathway and increased PC synthesis. Up to 
now, a complete understanding of how this mutant becomes secretion defective is not 
available.  
 The molecular explanation of how a lipid imbalance leads to a defect on exit from 
the Golgi would be an important piece of information that is so far missing. 
 
The Golgi model in yeast and its importance for vesicle formation 
 To assess how the Golgi could link metabolism to vesicle generation, one needs 
an understanding of how the Golgi complex functions. Over decades Golgi organization 
and cargo processing has been debated. One model was the Golgi-maturation model in 
which Golgi could form de novo from special sites of the ER (transitional-ER sites) build 
an early Golgi cisternae and would then interconvert cis, medial and trans cisternae into 
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each other generating a “membrane elevator” that was driven by a flow of biosynthetic 
material continuously supplied from the ER. The trans cisternae would mature into the 
TGN and fragment into vesicles. (Pelham, 2006). 
 The alternative model was that Golgi is not formed de novo but instead is and the 
cisternae are, in that case viewed as individual organelles, communicating with each 
other via vesicular traffic (Rothman, 1994; Rothman and Orci, 1992).  
 The model of vesicular communication between Golgi cisternae was mainly based 
on the in vitro studies with isolated Golgi membranes pioneered by Erik Fries and Jim 
Rothman (Fries and Rothman, 1981; Rothman and Fries, 1981; Rothman et al., 1984). 
They exploited the fact that proteins become carbohydrate modified in the Golgi. In vitro 
mixing of purified Golgi membranes coming from a carbohydrate modification deficient 
CHO (Chinese hamster ovary) cell line, loaded with viral protein, with WT Golgi 
cisternae showed that both individual Golgi communicated via a vesicular transport step. 
Unprocessed protein from the mutant Golgi could reach the WT Golgi where it got to be 
trimmed and modified with the correct carbohydrate moieties.  
 In yeast, the cisternal maturation model has been given a large boost. Glick and 
Nakano found in their labs using real time video microscopy that individual Golgi 
cisternae of yeast, which are not stacked like mammalian ones, changed their protein 
repertoire from cis to trans markers rather than maintaining their identity (Losev et al., 
2006; Matsuura-Tokita et al., 2006; Pelham, 2006). 
 Nevertheless, the real picture is probably a blend out of both models that favors 
anterograde transport for maturation of the cisternae and requires vesicular maintenance 
of the Golgi enzyme distribution in a retrograde fashion.  
 For the formation of post Golgi vesicles, the aspect of cisternal maturation is of 
central importance, because we have evidence that alteration not only of the PC levels in 
the Golgi (as in sec14), but also the interference with the sphingolipid metabolism, 
compromises post Golgi transport. It is therefore likely that the flow from lipid 
biosynthesis, and the correct balance between the individual lipid species and classes, is 
essential for functional membrane traffic (van Meer and Sprong, 2004). 
 ER to Golgi traffic in yeast was already analyzed in this respect and Muniz et al. 
found that ongoing sphingolipid production was necessary to transport a GPI-anchored 
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protein Gas1p between those two compartments (Muniz et al., 2001; Muniz and 
Riezman, 2000).  
 In mammalian cells, it has been shown that protein sorting to the melanosome was 
lipid dependent (Sprong et al., 2001a). Recently, a model was forwarded by van Meer 
and colleagues that envisaged ongoing synthesis of sphingolipids not only being crucial 
for membrane architecture, but also having relevance for pH homeostasis in the TGN. It 
was speculated that glucosylceramide, the cytoplasmic glycosphingolipids (see section on 
FAPP2), was produced in the lumen of the Golgi and its transfer to the cytoplasmic 
leaflet had effects on the activity of a proton pump assuring a slightly acidic pH in the 
TGN necessary for protein sorting to the melanosomes. 
 In yeast and mammals, ongoing sphingolipid metabolism in particular could be 
one of the driving forces of cisternal maturation as lipid modification within the 
exoplasmic, luminal leaflet of the Golgi comprises a series of reactions gradually 
progressing from the cis to trans compartments.   
 A direct connection of membrane flow driven by lipid synthesis to vesicle 
formation at the late Golgi is an intriguing possibility as it was also found that the LDSV 
cargo Pma1p was not reaching the cell surface in sphingolipid mutants (Bagnat et al., 
2001; Eisenkolb et al., 2002; Gaigg et al., 2006).  
 
Protein sorting by O-glycosylation  
 Another essential function carried out by the Golgi apparatus is glycosylation of 
proteins. As described above N-glycan addition to rat growth hormone is a sorting signal 
to reach the apical surface of MDCK cells. In yeast Proszynski et al. found that O-
glycosylation of the plasma membrane protein Fus1p, specifically expressed during the 
pheromone induced mating response, was necessary for its surface delivery (Proszynski 
et al., 2004). In a deletion mutant for the protein mannosyl transferase pmt4∆ which 
renders cells defective in O-glycosylation, Fus1-GFP got stuck in the TGN.  
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Many open questions 
 The analysis of the secretory pathway in yeast shows that similar principles are 
operating in post Golgi transport in yeast and mammalian cells.  
Sorting signals regulating Golgi exit are of specific nature and Golgi exit specific in all 
directions. All pathways discussed, the MDCK-apical and the yeast-Pma1p- pathway as 
well as the endosome- bound and basolateral sorting routes are regulated specifically.  
 In summary, functional protein sorting and secretion is obviously only possible 
when the cell has a fully operational Golgi apparatus that exerts all the necessary tasks in 
terms of lipid and protein modification. 
 How these modifications of proteins and lipids are translated into a molecular 
machinery for trans Golgi sorting and vesicle production is still elusive. Detailed 
information about the participating factors is still missing.  
 What is the clustering agent for Fus1p that interacts with the O-glycans of the 
protein? Is the glycan-binding sorting lectin an option? What are the essential functional 
groups within lipids that interact to form a raft-sorting platform? Which lipids are 
necessary? And how are their molecular ratios regulating secretion? Is a secretory vesicle 
enriched in certain lipid species? And is the raft clustering mechanism really responsible 
for apical membrane delivery and epithelial cell polarity? 
 In the following, section I want to introduce a model of how cell surface polarity 
during yeast mating indeed employs raft clustering. 
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Cell surface polarity in yeast 
Cell polarity during budding 
 Throughout its life cycle, the yeast Saccharomyces cerevisiae polarizes in 
different ways. Cell surface growth is molecularly associated with the mechanisms of bud 
site selection and apical delivery of biosynthetic material (Pruyne and Bretscher, 2000a; 
Pruyne and Bretscher, 2000b). In yeast, secretory traffic to the bud tip is also called 
apical delivery, as the bud tip, where all secretory vesicles fuse with the plasma 
membrane, constitutes the apex of the cell. Membrane traffic to the apex is directed by 
the actin cytoskeleton. 
 Bud-site selection is conferred by Ras-related proteins (Bud1p, Bem1p) that 
localize in response to cues from previous budding events. Bud1p and Bem1p activate the 
essential Rho-GTPase, Cdc42p, which is central to polarize the actin network. Interaction 
of Cdc42p with the plasma membrane is crucial for the process and is mediated by the 
geranylgeranyl- anchor of the GTPase, exposed upon GTP binding. What is necessary for 
this interaction in terms of lipid requirements on the side of the plasma membrane is not 
known. But recalling the N, H-Ras-system I described previously, it is likely that a 
particular plasma membrane organization enriched in special lipids would be necessary 
for Cdc42p function and signaling. 
 A second scaffold is formed by a group of proteins called the polarisome that 
comprises Bni1p, a formin for acting nucleation, Sph1p, Spa2p, Pea2p and Bud6p. The 
polarisome is collectively required for actin cytoskeleton polarity. In several deletion 
mutants, bud elongation is blocked.  
 A third part of this story are the septin-filaments surrounding the nascent bud site 
where initial activation of the Cdc42p machinery occurred. Throughout bud growth, 
septins stay at the mother-daughter-neck and serve as a diffusion barrier. 
 
Cell surface polarity in mating yeast 
 During mating, when a haploid cell gets exposed to an external gradient of 
pheromone secreted by cells of the opposite mating type, they arrest the cell cycle in G1 
and begin to form a mating projection (Chang and Peter, 2003). According to the shape 
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they develop and its similarity to the comic character “shmoo”, this process is also 
referred to as “shmoo” formation. Pheromone stimulation activates a G-protein coupled 
receptor dependent signaling cascade, which recruits the polarity determinant Far1p to 
the plasma membrane. This recruitment leads to the activation of Cdc42p as in budding 
polarity. This promotes the polarization of the actin cytoskeleton, recruits the polarisome 
and the cell begins to direct shmoo growth towards the mating partner.  
 Later in the mating process when cells of opposite mating types have coupled, cell 
fusion occurs and a diploid zygote is produced. Central to this event is the cell fusion 
protein Fus1p, described already in its glycosylation dependent cell surface delivery 
earlier in the text. Fus1p needs to be polarized to the tip of the mating projection and is 
not allowed to diffuse all over the cell body. As mating cells do not have a diffusion 
barrier like the septin ring in the mother- daughter neck of budding cells, this problem has 
to be solved differently. Two proposals on how Fus1p polarity could be established have 
been forwarded.  
 
Fus1p polarity during mating is conferred by raft clustering 
 The work of Michel Bagnat in our lab has demonstrated that Fus1p polarity 
isdependent on ergosterol and sphingolipid synthesis. In the sphingolipid mutant lcb1-
100 and in the ergosterol deficient mutant erg6, Fus1p can not be polarized (Bagnat and 
Simons, 2002).  
 Further, it became apparent that the tip of the mating projection is indeed enriched 
in ergosterol, the most abundant sterol in yeast, assessed by filipin staining which is a 
sterol binding drug. It was thus deduced that Fus1p localization depends on clustering of 
rafts at the shmoo tip and a defined lipid composition could therefore be essential for 
mating.  
 
Protein polarity during mating depends on rapid endocytic recycling  
 A different model of how membrane proteins could polarize to the shmoo tip was 
put forward by the Pelham lab (Valdez-Taubas and Pelham, 2003). Coming from the 
observation that diffusion of membrane proteins of the plasma membrane in yeast was 
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unexpectedly slow (an order of magnitude slower than in mammalian cells), they 
developed the idea that rapid endocytosis and recycling would be a mechanism that 
results in a net polarity of the proteins raised in the previous work by Mark Bretscher 
(Bretscher, 1996).  
 This model was true for the synaptobrevin ortholog Snc1p carried as a v-SNARE 
on secretory vesicles. This model was supported by the finding that addition of an 
endocytosis signal to the usually non-polarized t-SNARE Sso1p, led to its localization to 
the shmoo tip.  
 The authors then extended the model and claimed that Fus1p also was polarized 
by such a mechanism.    
 
 During my thesis I also took up this controversy and conducted a study to 
elucidate whether Fus1p was indeed polarized by a raft clustering mechanism or not.   
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Aim of the thesis 
The molecular sorting machinery at the trans Golgi Network 
 The major aim of my thesis was to obtain a comprehensive picture of trans Golgi 
network sorting in yeast. To this end, two projects were designed. 
1. A genome wide visual screen for the sorting machinery at the trans Golgi 
network. Employing a GFP labeled model cargo protein and a saturated set of 
deletion mutants of yeast we conducted a screen to identify genes that were 
responsible for vesicle formation and cargo sorting at the trans Golgi network. 
2. The isolation of TGN-to-plasma membrane transport vesicles and their 
comprehensive and quantitative lipid analysis.  
 
Cell surface polarity during yeast mating 
3. This part of the thesis was designed to elucidate the mechanism of membrane 
protein polarity during yeast mating and identify the relevance of lateral 
asymmetry in membrane order for this process. We postulated that raft clustering 
at the mating tip was important for Fus1p polarity.  
 
 
An important aspect in the design of the thesis project was that all studies were 
performed using the same marker protein set which should in the end make it possible to 
discuss the results of the three projects comprehensively.   
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Results 
A genome-wide visual screen reveals a role for sphingolipids 
and ergosterol in yeast cell surface delivery 
 
As outlined in the introduction, cargo sorting and post Golgi traffic has been 
investigated intensely both, in yeast and higher eukaryotic model systems such as 
polarized epithelial cell lines. Despite decades of effort, a comprehensive picture of the 
molecular sorting and vesicle formation machinery is missing.  
The trans-Golgi network has been recognized as the major sorting station for 
biosynthetic material (Bard and Malhotra, 2006; Griffiths and Simons, 1986; Traub and 
Kornfeld, 1997; Warren and Malhotra, 1998). Recently, evidence arose that endosomes 
also play a role in sorting of newly synthesized material traveling to the plasma 
membrane (Ang et al., 2004).   
Since the mid nineties it is assumed in yeast that two partially redundant sorting 
routes deliver biosynthetic cargo to the plasma membrane (Harsay and Bretscher, 1995; 
Harsay and Schekman, 2002, Gurunathan, 2002 #39). Consequently, the late secretory 
pathway is quite robust and rather unaffected by single mutations impairing one or the 
other branch of the system. Previous screens relied on absolute accumulation of secretory 
cargo inside the cell or tried to identify sorting mutants by major growth defects. This led 
to the identification of mutants defective in ER-to-Golgi transport and in final steps of 
delivery to the plasma membrane (Schekman and Novick, 2004). The field produced 
decisive insight into the machinery regulating the endosome-bound sorting route 
(Bankaitis et al., 1986; Bonangelino et al., 2002; Odorizzi et al., 1998; Rothman and 
Stevens, 1986; Sato et al., 2000; Wada et al., 1992) . 
However, the direct TGN-plasma membrane route and its organization remained 
in the dark. The reason why earlier screens could not detect mutations in regulators of 
post-Golgi sorting and vesicle formation was, because a block in one transport route to 
the cell surface could be rescued by partial rerouting from the affected to the undisturbed 
pathway. 
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To circumvent this problem we designed a much more sensitive screening 
method. The idea was to search with a visual approach for sorting mutants. It was 
reasoned that if we flooded the secretory system with a wave of fluorescent cargo, 
mutants impaired in one branch of the bifurcated exocytic pathway would accumulate 
fluorescence in the Golgi. The analysis was done with a conventional epi-fluorescent 
microscope. The screen took advantage of the systematic yeast knockout array 
comprising all viable single knockout mutants in a 96-well format (Tong et al., 2001).    
The results of this genome-wide screen show the suitability of our visual 
screening approach for identifying regulators of sorting and vesicle formation involved in 
trans-Golgi to plasma membrane delivery of biosynthetic cargo. 
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 The fluorescent model cargo used for screening 
The prerequisite for our screen was to design a cargo protein that could be 
followed by microscopy after synthesis at the ER, throughout the secretory pathway, to 
the cell surface. For this purpose, we used a GFP-fusion of Fus1p and Mid2p, named 
FusMid-GFP (Figure 5, A) that was studied intensely in the lab before (Proszynski et al., 
2004). This chimeric type I membrane protein required O-glycosylation for sorting to the 
cell surface and was raft-associated, judged by detergent-resistance as criterion (Figure 
5,C).  
 
 
Figure 5 Characterization of the Fus-Mid-GFP marker.  (A) Schematic representation of Fus-Mid-GFP. 
The marker consists of the extracellular portion of Fus1p (yellow) which is O-glycosylated (red lines) fused 
to the transmembrane domain (TMD) and cytoplasmic tail of Mid2p (red) followed by the GFP-tag (green). 
(B) Localization of Fus-Mid-GFP in wild-type and end4Δ mutant cells. Note that in wild-type cells, subtle 
vacuolar labeling is observed. This is apparently a result of sorting of the probe directly to the vacuole as it 
is also observed in the endocytosis mutant. (C) DRM association of Fus-Mid-GFP. Detergent-resistant, R, 
and soluble, S, membrane fractions were separated by Optiprep density centrifugation. The protein was 
recovered mostly in the detergent-resistant membrane (DRM) fraction. In Western blot analysis, Fus-Mid is 
detected as four different bands. Fus-Mid is generated as unglycosylated precursor (sec53 indicates the 
position of the unglycosylated form of the protein which is found in a sec53 mutant blocking 
glycosylation), is then partially glycosylated in the ER resulting in the precursor form (p). Mature, 
completely glycosylated protein migrates with lower mobility (m1) and is cleaved to yield higher mobility 
form (m2). 
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FusMid-GFP was efficiently transported to the plasma membrane and remained there 
within the time frame of observation, making it a suitable probe for our screen (Figure 
5,B). We assumed FusMid-GFP takes the direct TGN-plasma membrane delivery route, 
because it shares many characteristics with the major plasma membrane protein Pma1p.  
We employed a centromeric plasmid carrying Fus-Mid-GFP that was under the 
control of the inducible GALs promoter (Mumberg et al., 1994). Inducibility was an 
important feature of the construct because this made it possible to “flood” the 
biosynthetic pathway with a wave of marker protein in order to be able to detect sorting 
delays by intracellular accumulation.  
This plasmid was introduced into the entire deletion library encompassing ≈ 4900 
single knockouts of non-essential genes (EUROSCARF, http://web.uni-frankfurt.de/ 
fb15/mikro/euroscarf/index.html). To transform the library we developed a protocol 
which allowed efficient transformation directly in the 96-well plate format. 
After 3 to 4 hours of induction, robust and bright labeling of the plasma 
membrane was detected in wild-type cells. We also found weak labeling of the vacuole. 
This labeling was due to direct biosynthetic transport of a fraction of the GFP-tagged 
marker to the vacuole because vacuolar staining was also observed in the endocytosis 
mutant end4Δ (Figure 5,B) but not in the vps1Δ mutant (Figure 11). 
 
Phenotype classes and mutant genes showing internal accumulation 
The entire deletion library was first screened by individual microscopic inspection 
of each mutant for intracellular accumulation. Because the exocytic pathways are 
partially redundant we expected that, in mutants affecting sorting, cargo would still be 
delivered to the cell surface resulting in fluorescence at the plasma membrane, but also 
showing intracellular accumulation. 
We observed two different phenotypes in mutants affecting surface delivery that 
we named type I and II (Figure 6). Type I mutants show dot-like intracellular labeling in 
addition to plasma membrane labeling. Type II mutants exhibit exaggerated vacuolar and 
reduced plasma membrane fluorescence probably due to increased missorting of Fus-
Mid-GFP into a degradation rather than a surface-directed pathway. In this screen we did 
not identify mutants that accumulated Fus-Mid-GFP in the ER. The reason could be that 
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the transport of the probe out of the ER is not dependent on non-essential genes or that 
these genes are redundant. Alternatively, the time required for the GFP tag to become 
fluorescent did not allow for identification of mutants that transiently accumulated 
marker protein in the early phase of the secretory pathway. 
 
 
Figure 6  Several phenotypes that were observed in the screen.  Cells transformed with Fus-Mid-GFP 
were grown overnight, transferred into inducing media, incubated for 4h and observed by fluorescence 
microscopy. In wild-type cells, bright and robust plasma membrane labeling was observed. In addition, 
some vacuolar fluorescence was found. Type I mutants showed an internal dot-like labeling in addition to 
plasma membrane fluorescence. In type II mutants, the probe was mostly accumulated in the vacuole 
coincident with reduced plasma membrane labeling. 
 
 We found 137 mutant strains that displayed either phenotype I or II or I and II 
(Table 1). Among these mutants there were genes that were involved in ribosome 
function and translation, transcription, mitochondrial function, membrane trafficking, 
cytoskeletal function, lipid metabolism or unknown functions.  
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Table 1 Comprehensive list of all phenotypes identified in the first screening round. "I and II" - both 
types of phenotype were observed in this mutant at the same time. Mutants were grouped according to their 
gene function (based on information from YPD): GLYCAN - glycan metabolism, LM - lipid metabolism, 
MITO - function in mitochondria, N - nucleic acid metabolism and regulation, O - others, RIBO - 
ribosomes, T - intracellular traffic, U - uncharacterized. 
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 For this study we wanted to focus our analysis on mutants that affected genes with 
known function in intracellular trafficking or in lipid metabolism as well as those that 
were uncharacterized. This list contained 24 mutants (Table 2). The complete set of 
images showing phenotypes of these mutants can be found at the website (http://tds.mpi-
cbg.de/yeast. Images (GFP and DIC) on this webpage show large fields of cells as well as 
images for colocalization of accumulated FusMid-GFP and Sec7-DsRed or DsRed- 
FYVE. To facilitate information access for every mutant listed, we provided links to the 
annotation databases YPD and SGD as well as for a genome wide GFP localization 
database). 
 In order to find out in which compartment Fus-Mid-GFP accumulated, we also 
performed co-localization experiments using a second fluorescent marker. For this, we 
co-expressed in mutant cells together with Fus-Mid-GFP either Sec7-DsRed, the GEF of 
Arf1p, which marks the TGN of yeast, or DsRed-FYVE, a phosphatidylinositol 3-
phosphate-effector found on endosomal membranes. Accumulation in the vacuole was 
distinguished by comparison to the DIC image (Table 2).  
To test the mutants identified in the visual screen with classical secretion assays, we 
probed for the secretion of invertase and the secretion of a-factor, the pheromone secreted 
by deletion library strains (for details see Materials and Methods). The invertase secretion 
assay did not reveal any transport defect in the analyzed mutants, except for a small 
reduction in secretion of vrp1 (79.0±6.7%, data not shown). The halo assay revealed 
pheromone secretion defects for the mutants vrp1∆, elo3∆, ayr1∆, erg4∆ and erg6∆ (data 
not shown). 
In the following sections you can find detailed information about the mutants ordered 
into five subgroups: Lipid metabolism mutants, mutants of known genes with transport 
function, actin organization mutants, uncharacterized mutants and mutants of genes 
involved in vacuolar protein sorting (vps).  
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Table 2 List of mutants showing phenotypes I and II. Functional assignment for identified genes was 
based on description in YPD (www.incyte.com). The listed deletion strains displayed phenotypes that were 
verified in four independent experiments. The preferred site of internal accumulation of the Fus-Mid-GFP 
probe was assessed in colocalization experiments where cells were in addition transformed with either 
Sec7-DsRed to label the TGN or DsRed-FYVE to label endosomes. All images can be found at the website 
(http://tds.mpi-cbg.de/yeast ). In the erg6 and gim3 mutants colocalization experiments were unsuccessful 
due to poor growth of double transformants (ND - not determined). 
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Mutants in genes regulating synthesis of lipids 
We identified 6 mutants of genes regulating the synthesis of sphingolipids 
(sur4/elo3, sur2/syr2, ypc1, ayr1) and ergosterol (erg6, erg4) (Table 2). We also 
identified the mutant ayr1 in which FusMid-GFP accumulated in the late Golgi. Ayr1p 
has 1-acyldihydroxyacetone-phosphate-reductase activity and AYR1 was also reported to 
interact genetically with YBR159W, the major 3-ketoreductase important for fatty acid 
elongation (Han et al., 2002). Thus, defective sphingolipid and ergosterol synthesis 
results in inhibition of trafficking or sorting defects of Fus-Mid-GFP from the TGN. 
It has been previously reported, that in a conditional mutant of the essential protein 
Lcb1p required for sphingolipid synthesis, raft associated Pma1p is missorted to the 
vacuole (Bagnat et al., 2001; Lee et al., 2002). To investigate how exocytosis of our 
probe was affected in this mutant background, we expressed Fus-Mid-GFP in lcb1-100 at 
different temperatures. Similar to the sorting defect observed in sur4/elo3, Fus-Mid-GFP 
was no longer transported to the cell surface at the restrictive temperature but was instead 
missorted to the vacuole (Figure 7, 8). Since Fus-Mid-GFP is DRM-associated like 
Pma1p ((Bagnat et al., 2001; Lee et al., 2002), and Figure 5,C), these results support a 
critical role of sphingolipids and ergosterol in sorting of raft-proteins to the cell surface. 
 
 
Figure 7 FusMid-GFP expressed for 3h in lcb1-100 localizes to the vacuole at 37˚C. 
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Figure 8  
Lipid metabolism mutants 
showing phenotype I and II.   
Cells carrying the  Fus-Mid-GFP 
plasmid were grown over-night, 
transferred into inducing me-
dium, incubated for 4h and 
analyzed by fluorescence micro-
scopy. 
The deletion of SUR4/ELO3 
regulating sphingolipid metabol-
ism rendered cells accumulating 
the gene product in vacuoles and 
exhibited lower plasma mem-
brane staining. 
Deletion of other enzymes of 
this pathway (SUR2, YPC1 and 
AYR1, and of genes of ergosterol 
metabolism (ERG6 and ERG4) 
showed phenotype I. 
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Mutants in genes of known membrane transport function 
 Phenotype I with dot-like fluorescence accumulation was also observed in the 
chs5 and kes1 deletion mutants (Figure 9). In agreement with a role for Chs5p and Kes1p 
at the late Golgi, we found the accumulation of Fus-Mid-GFP in the Sec7p-containing 
compartment (Table 2). Chs5p is a peripheral membrane protein of unknown molecular 
role important for Golgi to plasma membrane transport of Fus1p (Santos and Snyder, 
2003) and chitin synthase III (Chs3p; (Santos and Snyder, 1997)), an enzyme required for 
synthesis of the polysaccharide chitin. Recently, Randy Schekman and coworkers 
identified Chs5p as component of the putative coat complex exomer (Wang et al., 2006) 
responsible for Chs3p secretion.  
 Phenotype I accumulation at the TGN was also observed in kes1 mutants (Figure 
9). Kes1p/Osh4p is a member of the oxysterol binding protein family that localizes to the 
TGN.  
 
Cytoskeleton mutants and mutants of the prefoldin complex 
We also found phenotype I in two mutants of genes involved in the organization of the 
cytoskeleton, rvs161 and vrp1 (Figure 9). Vrp1p (verprolin), a homolog of mammalian 
Wiskott-Aldrich syndrome protein (WASP) ineracting protein (WIP) (Evangelista et al., 
2000), is an actin-binding protein. 
We further observed internal accumulation in mutants of the prefoldin complex: 
gim3 and pac10, and of the prefoldin bud27  (Table 2). The prefoldin complex acts as a 
chaperone for the assembly of actin and tubulin (Geissler et al., 1998; Siegers et al., 
1999). We can only speculate that the trafficking defect observed in these mutants of the 
prefoldin complex is related to their role in organization of the cytoskeleton. Bud27/Uri 
(for Unconventional prefolding RBP5 Interactor) has been shown to be involved in the 
TOR pathway that coordinates nutrient availability with cell growth and proliferation 
(Gstaiger et al., 2003). The role of this protein in membrane transport will require further 
investigation.  
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Figure 9 Examples of the phenotypes listed in Table 2. Transformed cells were induced for 4h 
 and then inspected under the microscope. 
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Uncharacterized mutants 
We identified five uncharacterized ORFs that showed intracellular accumulation 
in the style of phenotype I (Figure 10). Sequence analysis demonstrated that the 
YLR338W locus overlaps with the VRP1 coding region, which was also isolated in our 
screen. Thus, two different mutants affecting production of the same protein, Vrp1p, were 
independently identified in our screen. YCL001W-A and YLR296W mutants show 
sensitivity to the anticholesterol drug Lovastatin (3-Hydroxy-3-Methyl-Glutaryl 
Coenzyme A reductase inhibitor) and could therefore play a role in sterol metabolism 
regulation or sphingolipid synthesis (Giaever et al., 2004). 
 
Mutants of genes involved in vacuolar sorting 
Internal accumulation of FusMid-GFP at the level of endosomes was observed in 
mutants involved in biosynthetic traffic to the vacuole: vps41, mon1, ccz1, mch5, ypt7 
and fab1 (Table 2 and Figure 9). 
The block of protein transport in these mutants apparently in a late step of TGN-
to-vacuole delivery resulted in an accumulation of cargo in an endosomal compartment.  
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Figure 10 Mutants with unassigned function showing phenotype I. Cells show internal accumulation of 
the marker after 4h induction. 
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The identification of an unexpected phenotype as an indicator for 
impaired vacuolar protein sorting 
Interestingly, we also observed another phenotype in our screen that was 
characterized by the absence of vacuolar staining but with normal or enhanced delivery to 
the cell surface (Figure 11, A, B). These mutants represent for the most part genes 
previously linked to different aspects of vacuolar transport and function (Robinson et al., 
1988; Rothman and Stevens, 1986). A number of these mutants have also been isolated in 
a recent genomic screen for VPS genes (Bonangelino et al., 2002).  As was the case for 
the screen of Bonangelino et al., we also found inhibition of vacuolar transport in mutants 
of genes involved in N-glycosylation or carbohydrate chain modification: och1, an alpha-
1,6-mannosyltransferase, and genes encoding four components of a Golgi 
mannosyltransferase complex: mnn10, mnn11, anp1 and mnn9  (Figure 12). Our 
observations imply that the addition of N-glycans is not only necessary for correct 
targeting of CPY but may be required for the proper functioning of the machinery 
regulating the entire pathway because FusMid-GFP itself is not N-glycosylated.  
The sensitivity of the assay was sufficiently high that we even could identify class 
E vps mutants, that build up a unusual large late endosome (Figure 11, C). 
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Figure 11 (A) Mutants that show no intracellular staining, and their annotated missorting of CPY. (B) 
examples from (A). (C) Class E vps mutants showing the enlarged e-class late endosome.    
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Figure 12 Mutants defective in N-glycosylation showing no intracellular accumulation of FusMid-GFP 
after 4h expression.  
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Analysing elo3∆ total cell lipid extracts by mass spectrometry 
 With the most striking phenotype from our analysis exhibited by the sphingolipid 
synthesis mutant elo3∆, we were directed towards the idea that specific sphingolipid 
species had a specific function in vesicle formation and cargo sorting at the Golgi 
apparatus. Most likely, this was a function exerted by the peculiar physical properties of 
sphingolipids resulting together with sterols, for example, in the generation of liquid 
ordered raft phases (See discussion and introduction for details).  
 A process that was coined domain induced budding could be relevant for the 
energy term of vesicle formation (Julicher and Lipowsky, 1993; Lipowsky, 1990; 
Lipowsky, 1992; Lipowsky, 1993). The budding domain itself could be formed by 
clustered rafts requiring the presence of specific lipids responsible for organizing the 
phase separation that would provide the energy driving the budding process.  
 Therefore, we analyzed lipid extracts of total elo3∆ cell lysates and found that 
very long chain fatty acids ‘VLCFA’ (fatty acids longer than C20) were synthesized at 
maximum to a length of 22 carbon atoms which went along with the published data (Oh 
et al) . Moreover, we found that the most complex sphingolipid produced in this mutant 
was IPC40:0;4 (see below for nomenclature). This was a striking finding as the 
sphingolipid headgroup and the fatty acid length composition were compromised 
compared to the WT cell. According to Lisman et al. sphingolipid headgroup 
modification had no impact on sorting of light density and heavy density cargo at the 
TGN (Lisman et al., 2004). Whether the missing lipids were anyway responsible in a 
direct manner for a vesiculation machinery in the stage of domain induced budding could 
not be answered with the analysis of whole cell lysates.  
 For this purpose we had to purify and analyse the products of sorting and 
vesiculation: post Golgi secretory vesicles.   
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Figure 13 Biosynthetic pathway of sphingolipids in S.cerevisiae.  Very long chain fatty acids (VLCFA: 
FA between C20:0 and C26:0) and long chain bases (LCB, which are dihydrosphingosine: DHS or 
phytosphingosine: PHS) get amide linked by the ceramide-synthase (containing Lag1p and Lac1p) which 
produces ceramides.VLCFAs are synthesized starting from palmitoyl-CoA (C16:0) up to C26:0 by a 
concert of several enzymes. For the elongation process from C20:0 to C24:0 either Elo2p or Elo3p is 
sufficient. However, for the elongation of C24:0 to C26:0 Elo3p is necessary. LCB synthesis starts with the 
condensation of L-serine and palmitoyl-CoA by the complex serinepalmitoyltransferase (SPT) comprising 
Lcb1p, Lcb2p and Tsc3p. The resulting 3-ketosphingosine gets reduced to DHS by Tsc10p and then 
hydroxylated on C-4 to PHS by Sur2p. Note that both, PHS and DHS can serve as substrate for 
Lac1p/Lag1p resulting in phytoceramide (PHC) and dihydroceramide (DHC), respectively. 
Dihydroceramide can then be converted to phytoceramide also by the C-4 hydroxylase Sur2p. The 
hydrolysis of ceramides is carried out by two alkaline ceramidases: Ydc1p and Ypc1p with Ypc1p having 
higher specifity for PHC over DHC and Ydc1p preferring DHC over PHC. From ceramide more complex 
sphingolipids are produced. Aur1p, the Inositolphosphorylceramide (IPC) synthase is essential. 
Importantly, none of the more complex sphingolipids (MIPC: mannosylPC; M(IP)2C) is required for 
secretion (Lisman et al., 2004). Enzymes whose corresponding gene deletions gave phenotypes in our 
screen are highlighted in blue. All non-essential enzymes not found in the screen are typed in green and all 
essential enzymes (not present in the deletion library) are marked with bold black letters.  
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The isolation and lipid composition of yeast secretory vesicles 
Having gained genome-wide insight into the molecular machinery that is 
organizing cargo sorting and vesicle formation at the trans-Golgi network, we next aimed 
to verify the indirect genetic evidence by clear-cut biochemical data.  
In particular, we were interested to find out if raft lipids, sphingolipids and sterols, 
had a direct role in cargo sorting at the Golgi. For this we had to ask if some lipid species 
were quantitatively enriched in secretory vesicles. If so, this would give an answer to the 
question of whether specific lipids, those potentially enriched in the vesicles, were 
participating in the cargo sorting and vesicle formation at the TGN.     
To this end, we devised a biochemical vesicle isolation procedure that was 
applicable on a preparative scale. The two major challenges in the field of organelle 
isolation are to overcome the problems of mutual contamination and incomplete yields 
(van Meer and Simons, 1988). Both require improvement in purification protocols that 
were exclusively based on subcellular fractionation for several decades. However, it is 
not possible to obtain pure membrane fractions by differential centrifugation.  
We solved the problem by an additional immunoisolation step targeting the 
membrane protein cargo, FusMid-GFP, we used previously for the genome wide screen, 
into post Golgi vesicles.   
The key for successful preparative immunoisolation was the controlled induction 
of a bait-wave through the exocytic system and the choice of an immunoadsorbent with 
high loading capacity and little unspecific binding. The main point to be considered here 
is that detergent washing usually employed in affinity purification of proteins obviously 
could not be used to improve the specificity of the vesicle isolation.  As most 
immunomatrices are developed for protein isolation, where the choice of the right 
detergent determines significantly the purification quality, we faced the problem that 
most of the commercial matrices tested did not serve our purpose.  
To overcome this hurdle, we decided to design our own adsorbent, and 
established a cellulose based affinity-purification system (for details see materials and 
methods). On the side of the protein-bait, we needed to introduce a tag with very high 
specificity. Further, for selectivity reasons we requested that after binding of the vesicles 
to the cellulose, we should be able to elute the organelles from the adsorbent. We 
RESULTS 
56 
therefore adopted the idea of tandem affinity purification that is based on protease-
mediated elution dramatically improving the immunoisolate purity (see Figure 22).  
The tag of choice, fulfilling both of the necessary criteria, was a nine-fold myc tag 
(M9) located at the C-terminus of a tobacco etch virus (TEV) protease site. This tag was 
linked downstream to the marker FusMid-GFP rendering our immunoisolation bait 
FusMid-GFP-LTLM9 (=FusMid-GFP-linker-TEVsite-linker-9xmyc, Figure 14).  
 
Figure 14 Schematic representation of the immunoisolation bait FusMid-GFP-LTLM9 (=extracellular 
domain of Fus1p, transmembrane and cytoplasmic domain of Mid2p linked to GFP, tobacco etch virus 
protease site and a 9-fold myc tag).   
 
 
The ultimate goal of the project was then to get comprehensive and quantitative 
information about the lipid composition of the immunoisolated vesicles.  This was 
possible in collaboration with the laboratory of Andrej Shevchenko at MPI-CBG. 
Together with his group, we developed a set of mass spectrometry methods that have 
proven suitable to tackle this problem.  
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Subcellular fractionation enriches TGN derived secretory vesicles 
 The first challenge of this project was the isolation of secretory vesicles in 
preparative amounts at the highest possible purity. As discussed in the introduction, 
vesicle formation of direct TGN-to plasma membrane pathway depends very likely on  
ongoing protein-and lipid-synthesis. It is therefore not possible to purify these vesicles in 
reasonable amounts from in vitro systems but one has to isolate them directly from the 
living cell. 
 Working in yeast we had a number of useful tools that helped accomplishing this 
task. First, we made use of a temperature sensitive sec mutant, sec6-4, that was shown 
previously to accumulate secretory vesicles at restrictive temperature. Second, we used 
our system of galactose inducible marker proteins, which made it fairly easy to send a 
wave of protein-bait to the target compartment for immunoisolation. Last, we had the 
advantage that secretory vesicles had been enriched before and detailed protocols for 
differential centrifugation were available. These were established for the seperation of 
100 nm containers into at least two subpopulations with different density (Harsay and 
Schekman, 2002). The light density peak carried the major plasma membrane protein 
Pma1p and the denser fraction harbored the periplasmic proteins acid phosphatase 
(Pho5p) and invertase (Suc2p) (Harsay and Bretscher, 1995).  
 Inspired by this work, we used a similar method to enrich secretory vesicles by 
subcellular centrifugation, essentially combining three centrifugation steps: Vesicles 
accumulated at restrictive temperature, the marker protein for immunoisolation was 
concomitantly expressed, and cells were lysed with sirconia beads. Nuclei and large cell 
debris were pelleted at 700g. The supernatant S7 was centrifuged at 20,000g and most of 
the ER, mitochondria, vacuole, plasma membrane and Golgi were pelleted here. After 
this, two alternative protocols were implemented (schematically in Figure 15, Figure 17). 
The supernatant S20 was either subjected to a high-speed centrifugation that harvested 
most of the remaining membranes such as secretory vesicles, endosomes and parts of the 
Golgi and ER. Alternatively, without further processing, the S20 went directly for 
separation on a sucrose step gradient as described later in the text.  
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Figure 15 Immunoisolation from light density secretory vesicles LDSV using a linear 15-40% w/w 
Nycodenz gradient. Cells were lysed centrifuged at 700g and 20000g, the membranes of S20 were collected 
by a high-speed spin and LDSV were prepared in an over night centrifugation to equilibrium. The gradient 
was fractionated and appropriate fractions were pooled and subjected to immunoisolation with SAMC- 
sheep-anti-mouse cellulose.  
 
 
 The concentrated membranes harvested in the high-speed step of the first 
alternative were gently resuspended, adjusted in density and loaded at the bottom of a 
linear Nycodenz gradient that was centrifuged at 100,000g over night for 16-20 hours. As 
presented in Figure 16, the classical markers for light and heavy density secretory 
vesicles, Pma1p and Suc2p (Invertase), were separated. FusMidGFP-LTLM9 localized 
together with Pma1p to the light density secretory vesicle fraction. This result 
corroborated our assumption made for the screen that FusMid-GFP and Pma1p would use 
the same transport carrier for surface delivery. Sec4p, the vesicle ‘Rab’, fractioned 
predominantly in the light density region. Invertase-RFP was never found in the light 
density fraction which was used for immunoisolation and sometimes did not float at all.    
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Figure 16 Protein profiles of the linear Nycodenz gradient prepared as in the Harsay protocol except that 
densities were 40% (w/w) Nycodenz in lysisbuffer in the bottom and 15% (w/w) Nycodenz in lysisbuffer at 
the top. Pma1p and FusMidGFPLTLM9 cofraction in the light density secretory vesicle region and 
invertase- RFP was found at the bottom of the gradient, sometimes not floating at all! Incertase-RFP was 
never found in the light density region. Sec4p, the vesicle ‘Rab’, fractioned predominantly to the light 
density secretory vesicle fraction. 
  
 The alternative way of enriching vesicles using the sucrose approach was run in a 
vertical rotor setup that reached equilibrium for membranous structures after only 2.5 h at 
≈400,000g (schematically in Figure 17). To establish the immunoisolation, I routinely 
used this protocol that was convenient because the experiment could be finished within 
one day. As shown in Figure 18, the ER marker Sec61p separated from FusMid-GFP-
LTLM9. Considering the cofractionation of the GTPase Sec4p, the vesicle Rab-protein in 
yeast (Segev, 2001), with FusMid GFP-LTLM9 defines this part of the gradient as 
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secretory vesicles. However, this gradient did not separate heavy from light density 
secretory vesicles (data not shown). 
 
 
 
Figure 17 Preparation of sucrose secretory vesicles, schematically. S20 was prepared as for the 
Nycodenz preparation but then not pelleted. Instead S20 was loaded on top of a sucrose step gradient 
(bottom to top: all percentages are in w/w, sucrose in 10mM ethanolamine, pH 7.4: 2.0ml 55%, 250µl 50%, 
250µl 37.5%, 1.5ml 35%, 1.5ml 30%, 800µl S20 in lysisbuffer). Centrifugation was done to equilibrium in 
2.5h at 400.000g in VTi 65.1 with 6.3 ml tubes. The gradient was fractionated and immunoisolation 
performed from the SSV, sucrose vesicle fraction.  
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Figure 18 Profile of the sucrose gradient. The vesicle marker FusMidGFP-LTLM9 cofractions with the 
vesicle ‘Rab’, Sec4p. Both get separated from the ER marker Sec61p. The sucrose step gradient was 
prepared as follows: (bottom to top) all percentages are in w/w sucrose in 10mM ethanolamine, pH 7.4: 
2.0ml 55%, 250µl 50%, 250µl 37.5%, 1.5ml 35%, 1.5ml 30%, 800µl S20 in lysisbuffer). Centrifugation 
was done to equilibrium in 2.5h at 400.000g in the VTi 65.1 rotor with 6.3 ml tubes. The gradient was 
fractionated and immunoisolation performed from the sucrose vesicle fraction.  
 
The immunoisolation of secretory vesicles  
 An essential feature of the vesicle isolation done here was the implementation of 
an immunoisolation protocol that took the purity of the vesicles significantly beyond 
subcellular fractionation. As described before, key elements for the successful application 
of this protocol was the introduction of a cellulose-based immunoadsorbent, a high-
affinity bait recognition system, and the possibility to elute the immunoisolate after 
binding using a protease step.  
 The material source for the immunoisolation was the appropriate vesicle fraction 
taken from the two alternative gradient centrifugations described in the previous 
paragraph. 
  Figure 19 (B) shows a representative western-blot profile of a vesicle preparation 
using the sucrose gradient fractions as immunoisolation input (Input) in lane 1. Next to it 
in lane “FT”, the amount of material is depicted that was not bound to the adsorbent 
(flow through, FT), followed by the lane with the vesicle material bound to the cellulose 
fibers to which the anti mouse Fc antibody is coupled and which picks up the 
immunolabeled vesicles. The negligible signal in the wash fraction documents the 
specificity of bait-matrix interaction. The last lane of the western-blot proves the 
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quantitative and specific elution of the vesicles with only a minor amount remaining 
bound to the cellulose, designated eluate and remains, respectively. 
 
   
 
Figure 19 Immunoisolation of FusMidGFP-transport carriers using FusMid-GFP-LTLM9 as bait 
(schematically in B) prepared from sucrose secretory vesicles and the control for unspecific binding to the 
cellulose when the tag is missing (A). The isolation is dependent on the myc tag. The elution from the 
cellulose is efficient. Each lane represents 1% of the total material prepared.  Input is the sucrose gradient 
fraction; FT (flow through) shows the material not bound to the cellulose; Bind is the specific bound 
material; Wash the last wash supernatant; Remain indicates the material not coming off the cellulose and 
Elute is the immunoisolate after protease cleavage.  
 
 
 The control of the experiment performed with FusMid-GFP as bait lacking the 
LTLM9-tag (Figure 19, A) indicates clearly that FusMid-GFP alone did not interact with 
the matrix and supported the specificity of the isolation strategy.  
 One quality criterion for the purification of the vesicles was the segregation of 
FusMid-GFP-LTLM9 from the heavy density vesicle marker invertase (Suc2p). To check 
this we coexpressed invertase-RFP with FusMid-GFP-LTLM9 and analysed by 
immunoblotting if this construct was present in the immunoisolate. Figure 20 B 
demonstrates that this was not the case arguing for a pure light density vesicle isolate. 
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Figure 20 Immunoisolation of FusMidGFP- transport carriers from sucrose gradient vesicle fractions 
(Figure 18). In A, FusMid-GFP is traced through the purification. The eluate is clean of invertase RFP (B), 
the HDSV marker, and of Pma1p the classical LDSV marker (C).  Each lane represents 1% of the total 
material prepared.  Input is the sucrose gradient fraction; FT (flow through) shows the material not bound 
to the cellulose; Bind is the specific bound material; Wash the last wash supernatant; Remain indicates the 
material not coming off the cellulose and Elute is the immunoisolate after protease cleavage.  
 
 
 We then analyzed if endogenous Pma1p, the main marker for light density 
vesicles, was coeluting with FusMid-GFP. Surprisingly, we could not detect Pma1p in 
the immunoisolate (Figure 20, C, elute). This suggested that Pma1p and FusMid-GFP do 
not share the same transport carrier despite fractionating into one density region of the 
gradients. Remarkably, neither Pma1p nor invertase-RFP was bound to the cellulose 
fibers.   
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Figure 21 Immunoisolation of FusMid-GFP-transport carriers. In A FusMid-GFP is followed throughout 
the purification. The eluate in the last lane is clean. Neither invertase-RFP (B, HDSV-marker) nor Pma1p 
(C, one LDSV-marker) nor ER contamination (Sec61p in D) are present in the eluate. Compared to the 
immunoisolation from sucrose vesicles (Figure 20), the immunoisolation depicted here shows less efficient 
elution (elute in A). Each lane represents 1% of the total material prepared.  Input is the sucrose gradient 
fraction; FT (flow through) shows the material not bound to the cellulose; Bind is the specific bound 
material; Wash the last wash supernatant; Remain indicates the material not coming off the cellulose and 
Elute is the immunoisolate after protease cleavage.  
 
 
Consequently, we wanted to know if immunoisolates using Nycodenz fractions as an 
organelle source, would show the same segregation of Pma1p and FusMid-GFP. Indeed, 
experiments done with Nycodenz gradient fractions clearly confirmed the results 
obtained from sucrose gradient derived immunoisolations (Figure 21). However, one 
should note that the efficiency of material elution was not as good as in the sucrose 
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approach. Nycodenz gradient material seemed to significantly influence the performance 
of the immunoisolation. Importantly, this had only quantitative effects and all aspects of 
purity were completely conserved as no contamination with ER was detectable by 
western-blotting of the elution fractions (Figure 21, D). 
 
The Lipidome of FusMid-GFP vesicles 
 Having a pure vesicle preparation in hand, we could now determine its lipid 
composition and clarify the question if FusMid-GFP was transported in a raft carrier. 
This necessitated the development of comprehensive and quantitative lipid analysis.  
 
Lipid quantification using internal standards 
 One pre-requisite to answer our question concerning quantitative changes in lipid-
species was to establish lipid quantification that allowed the expression of every lipid 
species in a molecular percentage (mol%) of the total molecules analyzed (see request in 
(van Meer and Simons, 1988).  
 Using mass spectrometry, such an approach was possible given that for every 
lipid species of interest an internal standard was available. An internal standard is a lipid 
molecule that first behaves the same as the lipid molecule of interest in physical terms 
(ionization and fragmentation behavior) during mass spectrometry and second its 
concentration in mol/sample is exactly known.  
 Adding such a set of internal standards to the analyzed sample we could 
quantitatively assess the total mol of lipids monitored and get information about the 
fraction of every lipid species in mol% of the total.  
 
Lipid classes monitored by mass spectrometry 
  We analyzed in total four different lipid classes: Glycerophospholipids, 
glycerolipids, sphingolipids and sterols.   
 Among the glycerophospholipids we quantified PC (phosphatidylicholine) , PE 
(phosphatidylethanolamine), PI (phosphatidylinositol), PS (phosphatidylserine), and PA 
(phosphatidic-acid). For glycerolipids we looked at diacylglycerol, DAG. Sphingolipids 
RESULTS 
66 
were represented by ceramide, IPC (inositolphosphorylceramide) , M(IP)C (mannosyl-
IPC) and M(IP)2C (mannosyldiinositolphosphorylceramide). For the sterols, we analyzed 
ergosterol.   
 Each of the mentioned classes (backbone/subclasses(headgroup) can be 
subdivided into molecular species giving information about the individual fatty acid 
composition, hydroxylation and degree of saturation.  
 
Lipid nomenclature 
 The nomenclature that we use for assigning lipid species is: the naming of a lipid 
starts with the subclass (e.g. IPC), followed by the total number of carbon atoms 
constituting the long chain base and the attached fatty acid (e.g. IPC44), and then 
assigning the amount of double bonds within the molecule (e.g. IPC44:0), and finally 
indicating the number of hydroxyl groups included in the lipid (e.g. IPC44:0;4).  The 
example given IPC44:0;4 would then be inositolphosphorylceramide with 44 carbon 
atoms distributed over the long chain base and the very long chain fatty acid, without 
double bonds and four hydroxyl groups including the one that links the inositolphosphate 
head group to the backbone.  
 
Automated lipid mass spectrometry 
 The isolated vesicles were mixed with the set of internal standards, lipid extracted 
and with a robotic device infused into the mass spectrometer. Computer aided automatic 
spectrum analyses gave the lipid spectrum of the sample and data analyses revealed the 
requested quantitative lipid species distribution (Ejsing et al., 2006a; Ejsing et al., 
2006b).    
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Immunoisolated FusMid-GFP vesicles are enriched in sphingolipids 
 We compared three different samples coming from the immunoisolation protocol: 
total cell extracts, light density secretory vesicles (LDSV) and the immunoisolates. 
Surprisingly, although silver staining of SDS-PAGE gels of total cell extract and LDSV 
(Figure 22, lane 1 and 2) exhibits that between these samples a drastic change in protein 
composition occurred, the lipid composition remained almost the same (Figure 23). Small 
changes could be observed for PI and PC but no changes were detectable for the 
sphingolipids. 
 
 
 
Figure 22 SDS PAGE analysis of different stages of the immunoisolation. Lane 1 shows the protein 
pattern of a total cell extract, lane 2 the protein pattern of light density secretory vesicles and lane 3 the 
immuno-eluate. The vesicle preparation was done with the Nycodenz gradient approach (Figure 15). The 
gel was stained with AgNO3. It is clearly visible that the pattern changes between all the lanes indicating a 
significant compositional change between the different steps of the vesicle isolation.   
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 In the third sample, however, the immunoisolated vesicle fraction displayed 
drastic changes in lipid composition compared to both the total cell extract and the LDSV 
fraction .  
 Sphingolipid mol% of the monitored lipids doubled compared to the total cell 
extract for all the subclasses IPC (from 3.6 to 9.5 mol%) , MIPC (from 2.1 to 4.1mol%) 
and M(IP)2C (from 8.2 to 15.1 mol%) as shown in Figure 23.  
 
  
 
Figure 23 Preliminary lipidome of immunoisolated FusMid-GFP secretory vesicles. Monitored lipids are 
the glycerophospholipids PA, phosphatidic acid; PG, phosphatidylglycerol; PI, phosphatidylinositol; PS, 
phosphatidylserine; PC’ phosphatidylcholine and the sphingolipids Cer, ceramide; IPC, 
inositolphosphorylceramide; MIPC, mannosylinositolphosphorylceramide; M(IP)2|C, mannosyldiinositol-
phosphorylcearmide. Lipids were extracted and mixed with internal standards analyzed by mass 
spectrometry. This graph shows a decrease of PC by a factor of 4 (from 25 to 6.8 mol%) and an increase of 
all sphingolipid subclasses by a factor of 2- for IPC from 3.6 to 9.5 mol% , for MIPC from 2.1 to 4.1mol% 
and for M(IP)2C from 8.2 to 15.1 mol%. Note that PE, phosphatidyethanolamine and ergosterol, the yeast 
sterol are missing in this example. 
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 Since these lipid molecules are designated outer leaflet lipids, it was even more 
striking to see the potential outer leaflet glycerophospholid, PC, decreasing by a factor of 
~4 (from 25 to 6.8 mol%), whereas the potential inner leaflet lipids PI and PS, did not 
change significantly. This analysis is still in progress. We still lack reliable data for PE 
and ergosterol that would be necessary to complete the picture.  
 This finding strongly supports the hypothesis that raft components are specifically 
enriched in post Golgi vesicles traveling directly to the plasma membrane.  It is now very 
tempting to draw a scenario for cargo sorting and vesicle generation at the Golgi that 
involves sphingolipids in an active manner rather than just being a passive protein solvent 
and membranous building element.   
 Further, if one zooms into the lipid species distribution of one subclass as for 
example for M(IP)2C, the most abundant of the four sphingolipids monitored, it is exactly 
the species M(IP)2C44:0;4 which accounts the most for the over all subclass increase. 
Remarkably, this is exactly one of the molecules which cannot be produced by elo3∆ 
mutants (which only produces IPC40:0;4 as its most complex sphingolipid, see earlier).  
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Figure 24 The distribution of the total mol% of the sphingolipid subclass M(IP)2C between the 
individual lipid species. Lipids mixed with internal standards extracted and analyzed by mass spectrometry. 
Interestingly, the lipid species with 44 total carbon atoms (with a C18:0 long chain base and a C26:0 very 
long chain fatty acid), the one that cannot be produced in elo3∆ is the one that accounts the most for the 
increase in mol% of M(IP)2C.    
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Plasma membrane polarization during mating in yeast cells 
The findings described in the previous chapters of my thesis show that a lipid raft 
based sorting mechanism operates at the trans-Golgi network. In essence, it became clear 
that clustering of lipid rafts is a possible mechanism used by cells to compartmentalize 
membranes.  
In the following we asked if raft clustering not only played a role in cargo sorting 
at the Golgi apparatus but would also function later on, namely during plasma membrane 
polarization of mating yeast.  
When exposed to mating pheromone of the opposite cell type, haploid yeast 
undergo a cell cycle arrest in G1 and a fundamental morphological differentiation process 
that results in the formation of a highly polarized cell, called a shmoo. This is mainly 
characterized by a mating projection, which provides at its tip the docking and fusion site 
for the partner cell. A hallmark of this process is that the yeast cell localizes mating 
specific gene products (and others) to the tip of the mating projection and is able to 
maintain actively their restricted localization until the fusion with the mating partner is 
successfully complete.  
The surprising element of this process is that the mating cell does not have an 
obvious diffusion barrier that could be responsible for the maintenance of a specific 
membrane composition in the shmoo tip.  
From our lab came the idea that lipid raft clustering could play a role in the 
establishment of mating cell polarity. Michel Bagnat has shown that protein localization 
was significantly perturbed when the cell did not have its native set of membrane lipids. 
Tip-proteins mislocalized all over the cell surface when sphingolipids and ergosterol 
levels were altered genetically or by treatment with chemical inhibitors.  
A year later, this view of polarity formation was complemented by a model 
emerging from experiments  in Hugh Pelham’s lab at LMB, that suggested shmoo surface 
asymmetry would be a pure consequence of slow diffusion of proteins in the plasma 
membrane and rapid endocytic recycling. The authors of this paper specifically doubted 
that lipid asymmetry would exist at all along the shmoo plasma membrane .  
 We could repeat the experiments done in Cambridge for one of the marker 
proteins (Snc1p) but found even stronger evidence over the course of the investigation 
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that the polarized distribution of the cell fusion protein Fus1p did not depend on 
endocytosis at all. Its mating tip localization was indeed explainable by a sphingolipid-
dependent raft clustering mechanism that was scaffolded by a protein-protein interaction 
network with the actin cortex in the centre.  
 Using the phase sensitive lipid dye Laurdan we could further provide evidence 
that the lipid composition of the tip was not only different as shown before, but that the 
lipid bilayer at the tip of the mating projection is more ordered than over the cell body. 
Sphingolipids are required for this specific lipid organization.  
 Thus, it is clear now that membrane organization of the mating tip follows at least 
two different mechanisms for at least two distinct sets of membrane proteins represented 
by Snc1p and Fus1p, respectively.  
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Revisiting the kinetic recycling model 
To revisit the kinetic recycling model, we have analyzed the role of polarized 
delivery and endocytosis in polarizing Fus1p, a type I transmembrane protein involved in 
cell fusion (Trueheart and Fink, 1989), to the tip of the mating projection. We first 
analyzed shmoo tip delivery of Fus1p and compared it to another marker protein that is 
distributed all over the plasma membrane of mating cells, Mid2p. Mid2p is a cell wall 
integrity sensor, and similarly to Fus1p, it is a type I transmembrane protein (Philip and 
Levin, 2001). One hour after induction of expression, the marker proteins were delivered 
to the shmoo tip where both were localized at this point. However, two hours later, 
Mid2p had diffused over the entire plasma membrane while Fus1p remained at the tip 
(Figure 25).  
 
Figure 25 During shmoo formation secretion is polarized to the mating projection. Fus1p is retained at 
the tip. Mid2p diffuses out to the cell body. Cells were treated 3h with pheromone and then marker 
expression was induced for 1-3h.   
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We then analyzed the effect of endocytosis on the process of Fus1p 
polarization.We also employed Snc1p, a yeast v-SNARE involved in post-Golgi plasma 
membrane transport, as a second marker protein that is tip localized. It has been shown 
that Snc1p polarization was abolished after inhibition of endocytosis (Valdez-Taubas and 
Pelham, 2003). In endocytosis deficient cells, Snc1p was no longer polarized but was 
distributed over the plasma membrane of the shmooing cells. In contrast, the polarization 
of Fus1p to the tip of the mating projection remained normal in endocytosis deficient 
end4∆ cells (Figure 26).  
Thus, there must be an alternative mechanism that maintains biosynthetically 
delivered Fus1p at the shmoo tip irrespective of ongoing cycles of endocytosis and 
exocytosis. It is also important to note that most mutants that inhibit endocytosis mate 
with similar efficiency as wild-type cells (Brizzio et al., 1998). These findings confirm 
that the kinetic polarization model employing endocytosis and polarized exocytosis is 
involved in local concentration of membrane proteins such as Snc1p. However, this is not 
the only mechanism employed by shmooing cells to polarize their mating machinery. 
 
 
Figure 26 Fus1p polarity is not dependent on endocytosis. Snc1p is localized to the tip of the mating 
projection only in WT cells and distributes all over the cell body in end4∆. The percentage of polarized 
cells is indicated in the right corner of every picture.  
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 Fus1p polarity depends on its cytoplasmic domain 
 Stimulated by these results, we were then interested in identifying which portion 
of Fus1p was responsible for its mating tip localization.  
 One reason why Fus1p is retained at the mating tip could be its interaction with 
the cell wall as was demonstrated for GPI-anchored proteins (De Sampaio et al., 1999). 
Thus, we constructed fusion proteins between Fus1p and Mid2p where we swapped the 
extracellular, the transmembrane and the cytosolic domains of the two proteins 
(schematically shown in Figure 27). Analysis of their surface distribution demonstrated 
that the information for mating tip retention was localized to the cytosolic tail (Figure 
27). Mid2p carrying the cytoplasmic domain from Fus1p was localized to the mating 
projection and the Western-blot analysis confirmed that this protein obtained a 
glycosylation pattern typical for mature (Golgi-derived) Mid2p (Lommel et al., 2004) 
(data not shown).  
 
Figure 27 The intracellular portion of Fus1p is sufficient and necessary for shmoo tip retention. Different 
chimerae for MID2 (red) and FUS1 (yellow) were expressed  in WT cells treated with pheromone.    
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 We then analyzed how this chimeric protein behaved in mutants in which 
endocytosis was inhibited, both in end4∆ cells and at the non-permissive temperature in 
end4-1 ts cells. We found that MidFus-GFP behaved like Fus1p and maintained its 
polarization in endocytosis deficient cells (Figure 28, A and Figure 29). Thus, we 
concluded that the cytosolic tail of Fus1p mediates protein retention at the mating tip and 
that interactions with the cell wall cannot explain the polarization.  
 The cytosolic tail of Fus1p is 416 amino acids long and contains a SH3 domain 
close to its C-terminus, followed by a proline-rich domain, both known to be responsible 
for protein-protein interactions (Tong et al., 2002). We deleted the SH3 domain from the 
chimeric protein Mid-Fus (Figure 28) or Fus1p (data not shown) and saw no effect on 
polarization.  
 
Figure 28 Mid-Fus∆SH3 is equally well polarized in WT and end4∆ cells. The predentage of polarized 
cells is indicated (A). Fus1p with point mutations that affect the indicated SH3 (P422A) or proline rich 
domain (W473S) or both is polarized like the WT protein (B).  
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 At this time, a report from Nelson et al. appeared, in which a detailed analysis of 
the cytoplasmic domain of Fus1p was described (Nelson et al., 2004). They showed that 
both domains were important for mating efficiency but even the double mutant protein 
was polarized normally in wild-type cells. Because mutations in these domains prevented 
the protein’s interaction with the scaffolding machinery (Nelson et al., 2004) we 
considered the possibility that the double mutant of Fus1p could be polarized via the 
endocytic recycling mechanism. To test this possibility, we expressed the mutated Fus1p 
in the endocytosis deficient strain and found that protein polarization was still normal 
(Figure 28, B). We concluded that additional sites on the cytoplasmic tail of Fus1p might 
contribute to Fus1p retention to the mating tip.  
 In a detailed two-hybrid analysis, it was demonstrated that the cytosolic tail of 
Fus1p interacts with several key players in mating polarity including the GTP-bound 
form of Cdc42p, components of the polarisome Pea2p and Bni1p, Fus2p and Ste5p, the 
scaffold protein for MAP kinase signaling (Nelson et al., 2004). We analyzed localization 
of MidFus-GFP in pea2, bni1, fus2, spa2, bud6, fus1 and ste5 deletion mutants. Ste5 cells 
did not obtain shmoo morphology but all the others did, and only in bni1 did we observe 
a subtle defect in protein polarization (data not shown). From these data we propose that 
Fus1p is directly embedded in a dynamic network of protein-protein interactions that is 
responsible for scaffolding and localization of Fus1 to the shmoo tip as part of the mating 
machinery.  
 
Figure 29 Fus1p in end4-1 ts still localizes to the tip of the shmoo. Cells were treated as described  
earlier in the text 
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Laurdan reveals a higher degree of membrane order at the shmoo tip 
 Based on the findings (i) that polarization of the mating machinery to the shmoo 
tip is inhibited in erg6 and in lcb1-100 cells, (ii) that mutations that affect the synthesis of 
the major raft lipids in yeast reduced mating efficiency and (iii) on the polarized 
distribution of filipin, a molecule that has high affinity for sterols, we postulated 
previously that raft lipid clustering plays a role in establishing and maintaining mating tip 
polarization (Bagnat and Simons, 2002).  
 Since partitioning of filipin does not directly correlate with lipid ordering in the 
bilayer, we took advantage of a dye that does. Laurdan is an environmentally sensitive 
dye that has a peak of emission shifting from ~500nm in liquid-disordered membranes to 
~440nm in ordered membrane domains (Gaus et al., 2003). We simultaneously recorded 
Laurdan fluorescence intensity in two channels. By expressing a normalized ratio of the 
two emission regions - the General Polarisation (GP) (see Materials and Methods) - 
Laurdan fluorescence provides a relative measure of lipid order in cell membranes. 
 Importantly, Laurdan does not preferentially partition into a specific lipid phase 
nor do GP values depend on the local probe concentration within the membrane (Gaus et 
al., 2003). The GP images revealed that the membrane at that the mating projection is 
more condensed and ordered than the domain on the opposite side of the cell (Figure 30). 
Hence, the membrane at the mating projections displayed the biophysical characteristic 
that goes well with raft clustering. The coalescence of condensed membrane at the tips of 
shmoos was also found to occur in the endocytosis deficient strain but not in the 
sphingolipid mutant lcb1-100 (Figure 30). 
 These data clearly demonstrated the asymmetric organization of lipids in the 
plasma membrane of yeast cells during mating. More detailed analysis is needed to 
understand the molecular mechanisms responsible for the formation and maintenance of 
the mating projection.  
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Figure 30 Membrane organization at the tip of the mating projection assessed by Laurdan imaging. WT 
cells (A, D), lcb1-100 (B, E) or end4∆ (C, F) were treated with pheromone and after 3h with 3mM NaN3, 
fixed with 2-4% paraformaldehyde, labeled with 250mM Laurdan for 5min and imaged in water. GP values 
were calculated from the Laurdan intensity and Pseudocolored as in A 9low to high GP value: black to 
yellow). Bars in A-C = 2µm. Horizontal bars in D to F indicate means. Means ± SD are 0.398±0.118 and 
0.191±0.09 (D), 0.256±0.143 and  0.202±0.104 (E), 0.372±0.075 and 0.256±0.111 (F) for mating tip and 
cell body respectively. The difference of the GP value at the mating projection between wild-type and 
sphingolipid mutant cells was statistically significant (P<0.001) but there was no statistically significant 
difference between wild-type and end4∆ cells (P>0.05).  
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Discussion 
General observations 
 This thesis has two main sections of experiments. One dealt with the 
identification of the molecular sorting and vesicle formation machinery at the trans Golgi 
network and the other one focused on understanding how cell polarity during yeast 
mating was established and maintained.  
 A strength of this thesis is that I could use the same marker protein system for all 
of the major sections (genome wide screen, vesicle isolation and mating tip polarity) and 
find myself now in the position to summarize the experiments and form a comprehensive 
picture of how membrane traffic and cell polarity connect in yeast. 
 In summary, my results show that for the integrity of membrane traffic in the late 
secretory pathway and for the maintenance of cell polarity during mating, the controlled 
interplay between protein machineries and discrete ratios of sphingolipids, ergosterol and 
glycerophospholipids is of fundamental importance.  
 The cell employs and is able to control intrinsic physical properties of its lipid 
bilayers in order to determine changes of local membrane shape as necessary for the 
vesiculation of the TGN and it uses the same mechanisms to selectively enrich cargo in 
membrane patches for sorting or retention purposes.   
 From the mating project, it became apparent that complex protein-protein 
interaction machinery is necessary to polarize essential mating factors, like the cell fusion 
protein Fus1p, to the tip of the mating projection. However, this protein network was not 
operational, when the lipid composition of the plasma membrane was changed to a less 
ordered state.  
 The genome wide screen identified a long list of candidate players in the TGN 
sorting and vesicle formation machinery. Obviously, it was enough to alter the structure 
of only a single component of sphingolipids, the very long chain fatty acid, and the 
sorting capacity of the system collapsed.  
 Another interesting general aspect within this work was the observation of the 
functional modularity of Fus1p. The extracellular domain and the interaction with 
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membrane lipids was necessary for Golgi exit whereas the cytoplasmic portion and the 
interaction with membrane lipids was crucial for correct localization to the mating tip.   
 
Sorting at the trans Golgi Network by raft clustering 
 One issue central to this thesis was to find specific data for trans-Golgi network 
sorting possibly based on a raft clustering mechanism. We set out to find the luminal 
clustering agent, which is supposedly a carbohydrate binding lectin. With the highly O-
glycosylated extracellular portion of Fus1p in our model molecule, FusMid-GFP, we had 
the ideal candidate for the search. So far, this lectin remains elusive. One reason could be 
that it is redundantly present in the cell, and that screening of a library that contains only 
single deletion mutants would therefore not be successful, or this protein is essential. 
However, this seems not to be the case because a further screen on essential genes done 
in the lab did not identify the missing factor. We found, however, a number of other 
proteins being potential players in post Golgi vesicle formation and a very interesting set 
of lipid molecules being involved in the process.   
 
Sphingolipid mutants  
 Of greatest interest was the finding of lipid metabolizing mutants, defective in cell 
surface delivery of FusMid-GFP. We identified mutant strains with defects in 
sphingolipid and ergosterol biosynthesis. Sphingolipid synthesis up to ceramide involves 
15 known enzymes (Funato et al., 2002) of which 5 are essential and therefore not subject 
of the screen. Of the remaining non-essential genes we identified 4 with a sorting 
phenotype. With this specific result we could show that alteration in the composition of 
sphingolipid molecular species had an impact on the sorting of Fus-Mid-GFP. First, elo3 
mutants incapable of synthesizing C26:0 VLCFAs (Oh et al., 1997) missorted cargo to 
the vacuole and had weak plasma membrane staining. Thus, shortening of VLCFAs by 
only four carbon atoms results in defects in protein surface delivery. Second, deletion of 
Sur2p abolishes hydroxylation at the C-4 position of the long chain base of the ceramide 
backbone and accumulated cargo in the TGN and the vacuole. Third, knockout of YPC1, 
encoding for an enzyme with reported ceramidase but also minor ceramide synthase 
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activity with a substrate preference for phytoceramide (CER-B), showed defects in Golgi 
exit of our GFP-fusion construct. (Obeid et al., 2002). Intriguingly, we also identified 
Ayr1p in the screen. This protein has been shown to have a 1-acyldihydroxyacetone-
phosphate-reductase activity (Athenstaedt and Daum, 2000). However, Ayr1p also seems 
to be involved in fatty acid elongation because of a 3-ketoreductase activity and could 
thus contribute to ceramide synthesis (Han et al., 2002). These data suggest that the fatty 
acid and the long chain base in the ceramide are involved in proper protein sorting. Such 
a model also fits with the observation that the length of the transmembrane domain 
determines cell surface delivery (Munro, 1995; Rayner and Pelham, 1997).  
 
Ergosterol synthesis mutants 
We further identified erg4 and erg6 as phenotype I strains. These enzymes catalyze the 
late steps in ergosterol synthesis of which the last five involve non-essential genes. Both 
Erg6p and Erg4p regulate modification at position C-24 of the sterol backbone, being 
methyltransferases and reductases, respectively (Daum et al., 1998). Ergosterol is also 
required for targeting of the tryptophan permease Tat2p to the cell surface when the 
external tryptophan concentration is low (Umebayashi and Nakano, 2003). 
It should be noted that ERG6 and ELO3 show strong genetic interaction and they are 
believed to be required for formation of functional rafts (Eisenkolb et al., 2002). The 
maturation of GPI-anchored Gas1p is blocked in the ER in elo3∆ and more so in 
elo3∆erg6∆ double mutant cells. Pma1p was rapidly routed for degradation in the 
vacuole in elo3∆ cells and this was not drastically enhanced in elo3∆erg6∆ cells because 
the degradation is already rapid in the single mutant cells (Eisenkolb et al., 2002). Both 
Pma1p and Fus-Mid-GFP are also missorted to the vacuole when sphingolipid synthesis 
is blocked by the inactivation of the first enzyme in the pathway, serine-palmitoylCoA 
transferase .  
 
 Together, these data point to an important role of sphingolipids and ergosterol in 
surface delivery of our DRM associated marker protein, Fus-Mid-GFP. 
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Mechanistic interpretation of the lipid sorting phenotypes 
 Before we had this data in hand, we had the fairly imprecise information that, in 
general, sphingolipids and sterols are necessary for cell surface delivery of FusMid-GFP. 
Now, we have evidence that guided our thinking to two major important functional 
groups of sphingolipids and to one important structural area of ergosterol.  
 As for the sphingolipids, it is first the hydroxylgroup at carbon atom-4 of the long 
chain base that is essential to have functional membrane traffic. Second, the VLCFA of 
the molecule needs a length of 26 carbon atoms. If shorter, this has structural 
consequences within the lipid that shifts the complete balance of sphingolipid synthesis. 
 We found out that sphingolipid synthesis in the elo3∆ mutant stops with the 
production of IPC. This suggests that all the modification reactions that act in the Golgi 
apparatus leading to complex sphingolipids cannot take place anymore.  
 This phenotype demonstrates convincingly that elo3∆ Golgi function is impaired 
by the incomplete synthesis of a lipid precursor. It would be interesting to analyze 
whether the Golgi maturation experiments performed by the Glick and Nakano lab would 
still work without C:26 VLCFA in elo3∆. 
 The mutations in ergosterol biosynthesis affecting secretion are all influencing the 
modification of the acyl chain of the sterol structure at position 24. This carbon atom, 
actually buried deeply in the hydrophobic core of the membrane (hydrophobic core; see 
introduction), is methylated in a WT cell. When this methylation is missing, vesiculation 
of membranes does not occur with WT efficiency indicating that global membrane 
structure and elasticity seem to be affected. 
 In yeast, sterols also have signaling potential, the so-called sparking function. 
They are necessary in nano-molar amounts for cell cycle regulation and have rather little 
to do with the bulk of sterols in membrane architecture. 
  I propose that this methylation of C-24 is essential for the membrane to withstand 
mechanical deformation of the stretching and compression type. Yeast has no sterol 
binding proteins that would relate in any aspect to mammalian proteins that organize 
mechanosensing properties of the membrane. Caveolin is such a protein that is tightly 
associated with sterols and has been shown to execute a number of functions that 
culminate in the propensity of this protein to form its own organelle (Simons and Parton, 
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2007). Mammalian cholesterol, the sterol binding to caveolin, does not have this methyl 
modification at position number 24. I suspect that the requirements in yeast to stabilize its 
membrane with a special sterol are the reason for ergosterol rather than cholesterol 
production. It could be that the methyl group is a molecular anchor that restricts 
translational freedom within a membrane and makes it mechanically more stable. This 
argument finds corroboration in the exceptionally high diffusion coefficients within yeast 
membranes previously mentioned in the introduction about the mating polarity models.  
 The ring system of the ergosterol also differs from the mammalian one. It contains 
additionally to the ‘conventional’ C-5 unsaturation a C=C double bond at C-7. This could 
make the ring system structurally flatter. Areas of high ergosterol content could therefore 
be packed more densly than without this modification.  
 
Sterical fit of sterols and sphingolipids in domain formation 
 The interaction between sterols and sphingolipids is central to the idea of raft 
clustering. The first aspect to consider is that ionic or hydrogen bond based interaction 
within the acyl part of these lipids is not probable, simply because groups allowing such 
bonding are not present in this region of the lipids. We are therefore left with van der 
Waals interactions. These are very weak interactions only delivering per atom-pair 
slightly more energy (~4 kJ/mol) than the average thermic energy of a system of ~2.5 
kJ/mol. Thus, the sphingolipid-sterol interactions only seem plausible as a colligative 
property. This means that only an assembly of molecules could together form a stable 
complex. For raft formation and raft coalescence this implies that the associating lipids 
have to fit structurally with each other. Chemical differences can therefore lead to phase 
separation as observed in the liquid-liquid phase coexistence of lo and ld simply by 
immiscibility of the components comprising the different phases.  
 
Headgroup modification and domain formation 
 Let us assume that the WT situation is the optimal system that evolved for an 
organism, in which every membrane component has its place and this is determined by  
structural principles. Here, a discussion of hydroxylation of the long-chain base comes 
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into play. I assume that the C-4 hydroxylgroup of the lipid is not associating with the 
hydrophobic core of the bilayer system but is still employed to serve for interaction with 
the hydrophilic headgroup system of the membrane. The consequence could be that in the 
sphingolipid lacking the C-4 hydroxyl group the headgroup is drawn into the bilayer than 
without this modification. Hence, C-4 hydroxylation could determine the thickness of the 
bilayer as a sphingolipid without this modification might penetrate deeper into the bilayer 
than the hydroxylated one. Chiantia et al. analyzed the importance of headgroup 
modification on bilayer thickness by a combined approach of atomic force microscopy 
and fluorescence microscopy (fluorescence correlation spectroscopy- with which one can 
measure diffusion coefficients) (Chiantia et al., 2006). They found in a mixture of 
sphingomyelin, ceramide, cholesterol and PC, that the headgroup of sphingomyelin was 
responsible for formation of an extra thick membrane domain, that was not the case when 
the choline group of the molecule was enzymatically hydrolysed by sphingomyelinase.  
 For yeast, this could mean that local membrane thickness in the Golgi could be 
essential for vesicle formation.  
 
Length of the VLCFA - bilayer coupling  
 Cargo sorting and vesicle formation is dependent on the length of the sphingolipid 
very long chain fatty acids. The length of the lipid is probably necessary to mediate 
contact between the two bilayer- leaflets in the Golgi, a phenomenon that is called bilayer 
coupling by acyl chain interdigitation. Schneiter and Conzelmann actually showed that 
the requirement of a very long chain fatty acid is not connected functionally to the 
sphinganine based backbone of sphingolipids but can also serve its function when 
associated with a glycerol-backbone in the form of a C26:0 PI (Cerantola et al., 2007; 
Schneiter et al., 2004).  The fatty acid could mediate cluster stability via its straight 
structure and therefore increase its sterical fit with the lo domain and influence diffusion 
properties within the bilayer by facilitating linkage of the exoplasmic to the cytoplasmic 
leaflet. Bilayer coupling could influence the growth of a raft domain by an effect that was 
described by colloidal physicists as diffusion-limited aggregation.  
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In vitro principles of lipid clustering 
 The phenotypes of the lipid mutants identified by our screen provide new 
information regarding the mechanism of raft clustered based sorting and vesicle 
formation in the Golgi. 
 Thus, one question from the introduction is partially answered, which was, how 
do lipids crowd and how do they code the necessary information? The screen suggested 
that membrane organization of the yeast Golgi could be regulated by C-4 hydroxylation 
of the long chain base and the length of the very long chain fatty acid of sphingolipids. 
Important interactions could also be mediated with the C-4 hydroxylation. A theoretical 
approach concerning the van der Waals interaction requires a sterical fit of the 
components, which is given by the straight architecture of sphingolipids and the flat 
properties discussed for sterols.  
 Christian Dietrich and Ken Jacobson have shown in vitro that such a correlation 
of structure and domain formation indeed takes place. Ternary mixtures of 
dioleylphosphatidylcholine (DOPC), cholesterol and sphingomyelin containing 1% of the 
ganglioside GM1 were doped either with fluorescent FL-dioleylphosphatidyl-
ethanolamine (DOPE) or fluorescent FL-dipalmitoylphosphatidylethanolamine (DPPE). 
Crosslinking of GM1 with the pentavalent GM1 binding cholera toxin subunit B (CTB) 
generated a lo domain. When FL-dioleylphosphatidylethanolamine was crosslinked by an 
antiFL antibody, the lipid was excluded from the GM1 domains whereas the same 
treatment for FL-dipalmitoylphosphatidylethanolamine showed an accumulation of the 
lipid within the GM1 domain. DPPE, dipalmitoylphosphatidylethanolamine has two 
saturated fatty acids (palmitic acid). In contrast, DOPE, dioleylphosphatidylethanolamine 
contains two unsaturated fatty acids  (oleic acid) (Dietrich et al., 2001a; Dietrich et al., 
2001b). These results argue strongly for sorting effects that are induced by the degree of 
saturation of a given lipid species resulting in immiscibility of components according to 
the sterical fit argument introduced earlier, which ultimately can lead to phase separation 
and component sorting. A similar effect could be induced by the saturated C26:0 VLCFA 
that is found in yeast sphingolipids and is essential for FusMid-GFP surface delivery.  
 Further, with a focus on proteins the Dietrich paper shows that Thy1, a GPI-
anchored protein is selectively included in the lo GM1-CTB domains. This corroborated 
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the results of Brown and Rose on their studies of PLAP in MDCK cells. Also, Hammond 
et al. showed that GM1-crosslinking by CTB selectively segregated the unpalmitoylated 
N-terminal fragment of the linker for activation of T cells (LAT) into ld-domains 
(Hammond et al., 2005).  
 Ben Nichols showed that the GM1 enriched domain within the plasma membrane 
segregated away from clathrin-coated pits (Nichols, 2003). This takes up one of the basic 
points raised in the introduction proposing that raft clustering and coat-associated vesicle 
formation are two different mechanisms for cargo sorting and vesicle formation.    
 
 The big question nevertheless remains: how does raft clustering translate into 
vesicle formation? 
 
The theory of vesicle formation  
 An aspect that is generally ignored by cell biologists when they discuss membrane 
traffic is the basic physics underlying the process of vesicle formation and cargo sorting. 
How does a clathrin coat bend a membrane? What is necessary from a mechanistic point 
of view to bend a membrane and vesiculate it? And can a raft cluster do it?  
 Before entering the discussion I want to summarize briefly an excellent review by 
Joshua Zimmerberg and Michael Kozlov where they dealt with the question “How cells 
produce membrane curvature” (Zimmerberg and Kozlov, 2006). They introduced the 
problem of shape deformation as a problem of four points. 
 First, a membrane has a preferred shape that is determined by its spontaneous 
curvature JsB. Within this shape, the bilayer has a certain membrane elasticity.   
 Second, if you want to change the shape you have two possibilities: either you 
change the spontaneous curvature or you force it against the spontaneous curvature into a 
new shape. For that you need to apply a force that at least compensates membrane 
elasticity.  
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 Third, a shape of a membrane in general is described by its principle curvature ‘c’ 
which is the reciprocal of the radius Ri (Equation 1) of the form.  
! 
c
i
=
1
R
i
 
Equation 1 The curvature of a membrane equals the reciprocal of the radius of the spatial object.   
 
 Fourth, to describe the shape of a biological membrane completely, you need the 
combination of two curvatures acting in different direction (a membrane with one 
curvature can only produce a cylinder). A spatial object, e.g. a sphere, can be described 
by its total curvature J = c1+c2  or by the Gaussian curvature K=c1•c2.  How could the cell 
modulate the parameters to change the local spontaneous curvature of a membrane and 
thereby change its shape? 
 
Flippases 
 For vesicle generation the issue of the spontaneous curvature JsB is relevant. In 
fact changing JsB is one way for the cell to change the shape of a membrane. Calculations 
show that the JsB of a vesicle of 50nm radius, a 100nm sphere, needs a bilayer area 
difference between the exo-(luminal) and the cytoplasmic leaflet of 20%. If the cell can 
create such a difference between two leaflets of a bilayer it can produce a vesicle. Such a 
difference could be produced by lipid flippases, ATP-consuming lipid pumps (like P-type 
ATPases and ABC-transporters (Raggers et al., 2000; van Meer et al., 2006)), that govern 
the distribution of lipids between the two leaflets (Holthuis and Levine, 2005; Holthuis et 
al., 2003; van Meer and Sprong, 2004) . Lipid flipping must play an important role in 
vesicle formation. Thus, it is not surprising that over the years the field of lipid flip-flop 
emerged again after its early start in the 1970s. Recent highlights have been the 
demonstration that lipid flippases are mandatory for vesicle formation at the Golgi and 
the plasma membrane in yeast (Alder-Baerens et al., 2006; Gall et al., 2002; Graham, 
2004; Pomorski et al., 2003).  
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Intrinsic lipid shape produces curvature  
 The fact that lipids themselves exhibit a certain shape is also pertinent for 
membrane shape. Cone shaped, cylindrical and inverted cone shaped lipids can, by their 
local concentration, change the local JsB. The shape of a lipid is determined by the 
relative size of the head group and the lipid tails. A PE would be an inverted cone, a PC 
is cylindrical and a lysolipid, that misses one acyl chain would be cone shaped.  If the cell 
e.g. could accumulate PE locally in one of the leaflets this would induce membrane 
bending (Sprong et al., 2001b). 
 
Coats and curvature 
 The predominant model of how membranes are curved and vesiculated is based 
on protein-coat-membrane interactions. Zimmerberg and Kozlov state, however, that the 
clathrin coat, by oligomerization of the monomers to a triskelion structure, cannot deliver 
enough energy to bend the membrane. This was already evident from the work of 
Kirchhausen et al., who showed that vesicle production in endocytosis was initiated by 
the cargo proteins that were included into the coated pit. An additional argument 
forwarded by the authors is the fact that clathrin assemblies are found by electron 
microsopy based analysis in a number of different states reaching from flat associates on 
the membrane, the pit, to budding structures and coats around a vesicle. The coat alone 
does not determine the bending, rather supports the resulting structures that were induced 
differently. For the other coats, COPI and II, it was argued that the GTP hydrolysis by 
Arf1p and Sar1p was responsible for a negative free energy term, driving membrane 
bending.  
 But if it is not the coat that is responsible what determines the bending induction 
energetically during formation of a transport carrier? One answer to that is the effect of 
proteins that intercalate in the membrane like BAR proteins of the NBAR-type (as 
ARFGAP1) or Kes1p which could sense membrane curvature (Drin et al., 2007; Im et al., 
2005; Peter et al., 2004).   
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Raft-domain induced membrane budding 
 A third possibility of how a vesicle budding process could be induced is based on 
liquid-liquid phase separation. The lo-ld phase segregation that led to a domain of 
different lipid and protein composition in the CTB-GM1-DPPE/DOPE-experiments of 
Dietrich et al. clearly showed that domain formation by raft clustering is a mechanism 
that the cell could use to create local lateral asymmetry within a membrane.  
 For lipids, the effect of domain formation is twofold. First, the difference in 
composition should change the local spontaneous curvature JsB compared to the 
environment (note that membrane thickness is influenced by sphingolipids). Second, the 
separation ‘raft and non-raft’ lipids creates at the boundary between the two phases, ‘raft’ 
and ‘non-raft’, a structural mismatch which produces line tension. This is the free energy 
density of the edge between the two phases which is generated by a hydrophobic 
mismatch between the components. As the line tension is proportional to the length of the 
boundary, a flat domain does not represent the state of lowest free energy. Budding the 
domain out of the bilayer plane and making the boundary only the neck of the bud can 
reduce the length of the domain boundary and with it the line tension. As shown by Roux 
et al. (Roux et al., 2002; Roux et al., 2005; van Meer and Vaz, 2005) such a change in 
shape can additionally act as a component filter enhancing phase separation and working 
positively in the direction of a budding process induced by domain formation .   
 Considering that raft components, sphingolipids and ergosterol, are both 
necessary for the sorting potential and the vesicle generation at the yeast TGN, an 
underlying mechanism of membrane phase segregation, driven by raft domain clustering, 
is very likely.  
 If formation of an apical transport carrier were driven by domain induced 
budding, it would be easy to explain why HA, PLAP and CFP-GL-GPI transport (see 
introduction) are so sensitive to cholesterol extraction and become mislocalized in the 
respective experiments.  
 If, indeed, a lipid driven sorting mechanism takes place at the TGN the prediction 
is that the purified transport carriers should be enriched in sphingolipids and saturated 
glycerophospholipids.  
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The isolation and lipid composition of secretory vesicles 
The vesicle lipidome and its implication  
 With the combination of subcellular fractionation and immunoisolation it was 
possible to purify secretory vesicles to highest purity.  
 In collaboration with the Shevchenko lab, we analyzed the lipidome of these 
vesicles by a quantitative mass spectrometry approach. The major outcome of this work 
which is still in progress was that we could find the three yeast sphingolipid species IPC, 
MIPC and M(IP)2C each enriched by a factor of about 2. Conversely, the major 
glycerophospholipid that resides within the same leaflet as the sphingolipids 
phosphatidylcholine, PC, was reduced by a factor of 4! The implication of this simple 
result is broad.  
 This clear-cut result can now be interpreted with respect to TGN vesicle 
formation. We, in fact, can now state that a selective enrichment of lipids, assessed by the 
molecular percentage of 149 lipid species, occurs. Hence, we now have the possibility to 
assess the model of domain induced budding as being relevant for TGN vesicle formation 
by scientific data. Judged by the drastic changes in lipid composition with a selective 
enrichment for sphingolipids and a selective decrease in PC, we are tempted to propose 
that domain-induced budding could indeed be part of the vesicle generation machinery at 
the TGN.  
 Together with the genetic data on the lipid phenotypes I discussed in detail before, 
we think that this biochemical data is a strong argument for raft clustering during vesicle 
formation at the TGN. Moreover, when one analyses the lipid composition in greater 
detail and focuses on the distribution of individual lipid species, one can see that the 
species accounting the most for the increase in molecular percentage within total 
sphingolipids, M(IP)2C44:0;4, is exactly the one which cannot be produced anymore in 
elo3∆ strains. As described this strain has a defect in lipid modification in the Golgi 
apparatus with IPC40:0;4 as the last complex sphingolipid produced.  
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COPI vesicles are enriched in the glycerophospholipid PC 
 The comparison of our results with those of previous lipid analysis of COPI 
coated vesicles that bud from the cis Golgi and travel presumably in retrograde direction 
is very compelling. Britta Brügger and Felix Wieland have shown that COPI vesicles are 
enriched in PC and depleted in sphingomyelin (Brugger et al., 2000).  
 Taken together, our lipid data, the COPI lipidome and the studies on GM1 
depletion in clathrin coated pits, suggests that coat mediated vesicle formation is enriched 
for non-raft components whereas the TGN-plasma membrane vesicle, that could form by 
domain induced budding, is enriched in raft lipids. One drawback is that at this stage the 
lipidome we present is not yet comprehensive as it misses the crucial components PE and 
ergosterol.  
 Another vesicle lipidome that appeared recently was from synaptic vesicles 
(Takamori et al., 2006). A comprehensive lipidome and proteome suggest that these 
vesicles are a very specialized endosome residing in the nerve terminal of neurons. A 
interesting result is that synaptic vesicles are apparently depleted for sphingolipids and 
enriched in ether lipids and sterols.  
  
Understanding Golgi defects in sec14  
 A third process our lipid analysis could shed light on was the unresolved sec14-
mutant secretion phenotype whose mechanistic interpretation puzzled researchers over 
the last ten years. With the lipid data obtained from our vesicle analysis, I want to suggest 
a solution to this riddle.  
 The essential mutant sec14 shows that lipid homeostasis is necessary to maintain 
secretion. At 37˚C, the restrictive temperature, the PI/PC ratio of sec14 Golgi fractions 
shifts from the usual 1:1 to 1:2 (Bankaitis 1994). This means that the membrane space of 
the extracellular leaflet is occupied with double the amount of PC, making the membrane 
relative to the WT-Golgi significantly more fluid. Taking into account the fact that in 
order to form a FusMid-GFP container the PC value has to drop to a quarter of the input 
material (our data), it is very likely that vesicle formation cannot work from a 37˚C -
sec14-Golgi bilayer simply because it is too far away from the lo-ld phase boundary that 
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has to be crossed when a raft carrier is formed. The mutant Golgi cannot phase separate 
anymore and secretion stops. 
 Taken together, the results from our screen, the lipidome data of the vesicles and 
the data of the sec14 experiments speak strongly for the involvement of a lipid based 
phase segregation in TGN-to PM vesicle formation.    
 
Lipids guide membrane traffic  
 Other examples from the literature where lipid balance is responsible for sorting 
and proper organelle function are the neurodegenerative disease Niemann-Pick disease or  
the mechanism of cargo sorting in multi vesicular bodies (MVB). The first is a so-called 
cholesterol storage disease. A little cited paper on the NPC-1 (the protein that is defective 
in Niemann-Pick disease) yeast ortholog Ncr1p, however, shows that the vacuole 
sphingolipid homeostasis is disturbed in the ncr1 mutant that leads to an increase in 
MIPC in the vacuolar membrane (Malathi et al., 2004). The authors claim that this 
primary effect would attract sterols to the vacuole and would jam the membrane for 
further traffic. It would be of interest to take the claim further that npc1-/--mice had an 
aberrant sphingolipid metabolism with elevated ganglioside levels and that sterol 
metabolism was not the primary cause of the disease (Simons and Gruenberg, 2000).   
 The other example is the regulation of vesicle formation in the multi vesicular 
body, MVB. Here, the cell has to decide which membrane compartment is sent for 
degradation and which ones gets recycled via exosomes to the cell surface. Apparently, 
lysobisphosphatidic acid, LBPA, is important to regulate this process (Matsuo et al., 
2004). It promotes the formation of vesicles directed for degradation whereas raft 
domains are segregated to give rise to exosomes.   
 
HIV hijacks raft clusters to break out of the cell 
 Another potent example of domain-induced budding is the mechanism how 
viruses seize control over membrane clustering machineries on their way out of the cell 
during virus egress. Recently, two papers gave a comprehensive view of how lipid based 
clustering was important for HIV exit from the cell. The Matrix protein MA of HIV-Gag 
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is a myristoylated protein that binds specifically PI4,5P2 at the cytoplasmic leaflet of the 
plasma membrane in infected cells.  For the membrane binding of MA, it was proposed 
boldly and to the point, that upon PI4,5P2 binding the myristoyl-anchor would get 
exposed and the PI4,5P2 2’ attached arachidonic acid would be sequestered into the free 
fatty acid binding pocket. The other acyl chain, a saturated stearic acid (C18:0) at1’ of 
PI4,5P2 would serve together with the myristoate as double membrane anchor for MA. 
Convincingly, the proposal was tested by NMR studies, which gave a structure that 
supported the model (Saad et al., 2007; Saad et al., 2006) .  
 From a complementary study on the HIV lipidome, we learned that the MA 
membrane binding must induce raft clustering as the purified virions were enriched in the 
exoplasmic leaflet lipids, sphingomyelin and cholesterol, and depleted in 
phosphatidylcholine (Brugger et al., 2006).  
 The impact of this study and its relevance for my work is, that a virus can only 
hijack an existing cell biological machinery. The lipid composition of the HIV virions 
strongly supports by the enrichment of raft lipids the idea that the virus exploits a raft 
budding machinery that was originally invented for vesicle formation during evolution. 
Needless to say, the topology of the events are different. 
 An open issue is what the specific clustering factors in terms of Golgi vesicle 
formation would be. Recent data, however, suggests that budding events could be more 
cargo specific than previously expected. 
Surprises at the protein front 
 On the protein side of the vesicle isolation, I had the puzzling result that the light 
density secretory vesicle (LDSV) peak, which was previously expected to be a 
homogenous fraction containing one population of vesicles, split during the 
immunoisolation into at least two separate fractions, one containing Pma1p and the other 
containing FusMid-GFP.  
 As described in the introduction, Pma1p seems to have its own clustering agent, 
the protein Ast1p (Bagnat et al., 2001; Chang and Fink, 1995). Oligomerization of Pma1p 
via Ast1p in a sphingolipid dependent fashion is the mechanism forming this specific raft 
carrier.    
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 For FusMid-GFP, no clustering factor is known so far. It travels, however, with 
some other proteins like Gas1p, a GPI-anchored protein as well as Gap1K9K16-GFP, the 
non-ubiquitinated version of the general amino acid permease Gap1p  (data not shown).   
 A third vesicle population traveling to the plasma membrane was recently 
suggested by the Schekman lab which was produced by an Arf1p regulated coat called 
the exomer comprising Chs5p, Chs6p, Bch1p, Bch2p and Bud7, regulating TGN exit of 
Chs3p. A surprising finding from in vitro studies elucidating the assembly of this coat 
was that liposomes doped with PI4,5P2 had high affinity for the exomer in a Arf1p 
independent manner (Wang et al., 2006).  
 Gap1p, the general amino acid permease, is a protein that cycles between the 
TGN and the endosomal system until it is needed at the plasma membrane . Endosome 
bound traffic is organized with a specialized coat system, the so-called GSE, which 
stands for Gap1 sorting to endosomes (Gao and Kaiser, 2006). Why this protein should 
be included in a raft carrier is not understood. However, I have a working hypothesis. 
Gap1p carries at its C-terminus a cysteine that could be palmitoylated in response to a 
signal that is triggered by specific nitrogen sources, urea or proline (Roth et al., 2006). It 
is possible that Gap1p could get the signal triggering its post-translational lipid 
modification by the protein family encoded by LST genes (Chen and Kaiser, 2003). LST 
stands for lethal with sec thirteen, a family of proteins which are found in the cell as a 
complex. Lst4 mutants were shown to have Gap1p trafficking defects, probably because 
the nitrogen signal that was received by Lst8p, an interactor of Lst4p, and a Tor2-kinase 
ortholog, could not be converted into the necessary palmitoylation of Gap1p at the ER 
(Rubio-Texeira and Kaiser, 2006). Elisabeth Connibear and collegues studying 
trafficking of Chs3p recently showed that palmitoylation is a mechanism that is indeed 
exploited by the cell. Chs3p has to be palmitoylated to leave the ER and reach the cell 
surface (Lam et al., 2006).      
 Gap1K9K16 (a mutant of Gap1p that cannot be ubiquitinated and is therefore not 
competent in delivery to the vacuole) traveled together with FusMid-GFP in a raft carrier, 
which suggests that palmitoylation and successive raft association could be a signal for 
surface delivery (Lauwers and Andre, 2006).       
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  We are left with an increasing number of surface pathways. Each of them 
employing a distinct individual sorting machinery. At least for FusMid-GFP vesicles we 
will soon have data that describes the complete proteome and we would be very excited if 
we found a raft clustering lectin among the vesicular proteins.  
   
The comprehensive picture of FusMid-vesicle formation 
 Now, I want to bring all the pieces together and make an attempt to sketch how I 
imagine the formation of the FusMid-GFP raft carrier. The potential protein factors that 
we found in the screen and I consider for this exercise are: Chs5p, Kes1p, Vrp1p, and 
Rvs161p. I want to start introducing them briefly.  
The players  
 Kes1p, a sterol transporter (oxysterol binding protein, Osh4p), interacts with PI4P 
at the Golgi apparatus and delivers ergosterol to the sites of vesicle generation. Two 
papers discussing its structure and cell biological functions elucidated its transport 
mechanism. Central element is the tunnel-with-a-lid structure of the protein. Kes1p 
carries the sterol in the tunnel and when the lid interacts with PI4P the lid supposedly 
opens and can eject the sterol and deposit it into the target bilayer (Drin et al., 2007; Im et 
al., 2005; Raychaudhuri et al., 2006).  
 Chs5p is a known Golgi exit regulator. It also participates in the exomer, a coat 
that regulates Chs3p surface delivery (see previous paragraph). 
 Vrp1p is a WASP (Wiscott Aldrich syndrome protein) interacting protein. In 
yeast WASP is named Las17p. Vrp1p is a Las17p interactor and localizes with the 
Arp2/3 machinery to the cortical actin patches. It was previously only assigned to 
endocytotic functions (Donnelly et al., 1993; Evangelista et al., 2000; Munn et al., 1995; 
Tedrick et al., 2004).  
 Rvs161p has a BAR (Bin/Amphiphysing/RVS) domain without any further 
domain structure assignable. It acts together with Rvs167p in endocytosis. BAR domains 
are curvature sensors and inducers. The basic structure of a BAR dimer gives a crescent- 
shaped elongated banana. In the inside of the structure, one finds a basic cluster of 
positively charged amino acids that can tightly bind to membranes. Zimmerberg and 
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Kozlov stated in the previously discussed review about curvature formation that the BAR 
domain is probably the only protein that can overcome membrane elasticity and impinge 
a curvature on the bilayer (Balguerie et al., 2002; Bon et al., 2000; Breton and Aigle, 
1998; Breton et al., 2001; Brizzio et al., 1998; Peter et al., 2004; Talarek et al., 2004) 
(Zimmerberg and Kozlov, 2006) 
Endocytic elements 
 Analyzing the elements of the TGN sorting machinery, one common theme 
among the players became apparent: most of them were previously shown to have a 
function in actin organization for endocytosis. Marko Kaksonen and David Drubin 
published recently a number of observations where they conclude that actin is the major 
workhorse in vesicle generation during endocytosis (Kaksonen et al., 2005; Kaksonen et 
al., 2006). We think that the proper combination of several elements is the crucial key to 
understand at which organelle the vesiculation machinery operates. The dynamics of 
endocytosis is clearly dependent on clathrin, however vesicle formation depends in a 
crucial way on actin. 
 A direct connection between endocytic elements and the sphingolipid 
biosynthesis emerged last year from a genome wide search for genetic PI4,5P2 interactors 
(the phosphoinositide at the PM). Scott Emr and coworkers found that plasma membrane 
phophsphoinositides were directly communicating via a calcium sensitive signal to 
sphingolipid biosynthesis in the Golgi (potentially linking cisternal maturation to that 
signal, see introduction) (Tabuchi et al., 2006). 
 These similarities in the machineries and the potential to signal from one end to 
the other suggest a close mutual regulation between endo- and exocytosis. It is very 
appealing to speculate that, in yeast, where growth is endemic, a TGN carrier is only 
formed when its target organelle, the plasma membrane, sends a signal that it wants to 
grow. As this is crucially dependent on actin (see the secretory pathways of yeast in the 
introduction) it is not surprising to me that endocytosis and TGN entanglement are 
managed via this functional bridge.  
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Vesicle formation 
 FusMid-GFP sits in the TGN, with a glycosylated domain in the lumen and raft 
affinity. In an actively secreting cell Kes1p delivers sterol to the Golgi bilayer. The 
membrane lipid composition is strictly kept at the point of a phase separation into lo and ld 
(see sec14 section for details). Luminal clustering of the FusMid-GFP protein induces the 
crossing of the boundary and rafts with FusMid-GFP start to cluster. The raft domain 
grows and according to the principles described in the section about domain induced 
budding, the line tension drives the growing raft domain out of membrane plane and a 
bud begins to form. The budding membrane is sensed by curvature detectors, in our case 
the BAR domain protein Rvs161p, and via interaction of the basic clusters within this 
protein with phospholipids, this interaction is stabilized. Membrane bending benefits in a 
positive feedback loop, as a growing bud attracts more curvature-sensing bending 
modules. Rvs161p interacts with the actin machinery potentially with a actin mediated 
recruitment of Vrp1p, that attracts the actin nucleation machinery of the actin related 
protein complex Arp2/3p (Zuo et al., 2006). This induces actin polymerization which 
when it reaches the Golgi membrane would push the vesicle bud into the cytoplasm 
forming a tube like structure. Taking the fact that shape could induce further phase 
segregation (see (Roux et al., 2002; Roux et al., 2005; van Meer and Vaz, 2005) this 
tube-bud is highly enriched in raft components and by deforming positively feedback-
loops to phase separation. The growing bud reaches a critical size where the phase 
boundary at the bud neck cannot withstand the given shear forces anymore and it would 
crack because of the same reason why the raft domain budded initially, the physical 
mismatch of the boundary. A raft carrier could have formed.      
 It is very likely that the Pma1p carrier that gets formed by a protein aided 
mechanism (Ast1p is the clustering agent), is similarly to the HIV budding mechanism in 
that rafts cluster and bud from this specialized sorting platform.  It will be interesting to 
see how its vesicular membrane composition compares to that of the FusMid-vesicle. 
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  Outlook 
 The work on vesicle isolation presented so far was mainly focused on the 
establishment of the methods that are necessary to purify vesicles beyond subcellular 
fractionation. This is mandatory if one wants to get insights into the vesicle membrane 
composition. The results show that we are able to isolate post Golgi carrier to a 
previously impossible purity (see results on ER contamination and silver gel of the 
purification). Further we have invested time and effort into mass spectrometry based 
methods that are an essential prerequisite to determine the lipid composition of the 
vesicles in a quantitative manner. The absolute quantification approach made it necessary 
to develop a strategy to allow every lipid species to be compared with an internal 
standard. To this end, we isolate sphingolipids from yeast mutants that are different in 
molecular mass compared to the WT lipids and use them as internal standards. As for 
glycerophospholipids we apply the strategy to add internal standards with two fatty acids 
that do not occur in the cell (17:0 and 18:3 fatty acids). For sterols the method is still 
under development. The optimal internal standard for ergosterol is found. 
 With the preliminary data that is presented in the thesis we can show already that 
the overall strategy works and we are confident we will soon have the comprehensive 
lipidome of a post Golgi carrier. To compare this to other organelles, we still plan to 
isolate plasma membrane and the Pma1p-carrying vesicle.    
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Distinct mechanisms polarize the cell surface of mating yeast 
 The generation of cell surface polarity during yeast mating is a complex task that 
involves several mechanisms. Most apparent is the morphological change during that 
process. The yeast cell, when in the proximity of a mating partner, has to switch from 
continuous growth via a cell cycle stop in G1 to a polarized extension towards the mating 
partner, and this involves the formation of a mating projection. Peculiarly, this mating 
projection which is different in protein and lipid content compared to the cell body has, 
however, no protein based diffusion barrier in place (like the septin ring in yeast budding) 
that prevents a mixing of the two membrane domains. 
 Bagnat in our lab suggested that the separation of the cell body and the mating tip 
was a raft dependent mechanism with a specific raft cluster forming at the mating tip. 
Ergosterol enrichment and the influence of sphingolipid synthesis defects onto mating 
polarity suggested this view. A protein that seemed to use this mechanism of polarization 
was Fus1p, a mating specific gene product, that was necessary for cell fusion between the 
mating partners (Bagnat and Simons, 2002).  
 This view was challenged by Valdez-Taubas et al. who suggested a mechanism 
that employed specific physical parameters within the yeast plasma membrane to polarize 
membrane proteins(Valdez-Taubas and Pelham, 2003). They thought that slow diffusion 
on the plasma membrane, rapid endocytosis and immediate recycling of the endocytosed 
protein created a net polarity of the mating cell.  
 We reinvestigated this process during my thesis and found that both mechanisms 
hold true. However, endocytic recycling did not polarize Fus1p. We were especially 
interested in the membrane order at the tip of the mating projection. We could show with 
the fluorescent dye, LAURDAN, that the membrane order at the tip was, in fact, higher 
than around the cell body(Dietrich et al., 2001a; Gaus et al., 2003). In lipid mutants this 
order difference could not be established any more.  
 The cell obviously manages to create a raft cluster at the mating tip. Fus1p is 
incorporated into this domain and retained at the tip for its function in cell-cell fusion. 
Other proteins are using this recycling mechanism. The v-SNARE, Snc1p, which 
mediates the fusion of secretory vesicles with the plasma membrane, uses the endocytic 
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recycling mechanism to polarize. The polarity of this protein has no functional 
consequences, and is only observed because it has to be recycled as fast as possible to the 
TGN were it is used for another round of vesicle secretion. Fus1p, however, has to stably 
localize to the plasma membrane at the tip of the projection; because this is the place 
where it will carry out the function that it was synthesized for, fusion of the mating 
partners.  One would imagine that the cell would not invest energy to recycle a protein 
with such frequency that was used later on only at the PM. To me, the only way fast 
cycling of Fus1p would make biological sense was, if this would be used as a signal to 
the Golgi.  By not recycling Fus1p from the PM anymore the signal for the Golgi could 
be: stop secretion, the cell fuses with another cell. However, such a scenario has not been 
realized.   
 The cytoplasmic domain of Fus1p is embedded in a complex protein-protein 
interaction network that ensures that Fus1p is retained at the tip. We found that the 
cytoplasmic domain of Fus1p is sufficient to do so. The extracellular domain and trans-
membrane domain are not necessary for this function.  
 Further, we could show that there is a third group of proteins, represented by 
Mid2p, that exhibits no polarity at all, though it is secreted polarized to the tip of the 
projection as all secretory cargo during shmoo formation.  
 
Raft clustering, a general feature that links secretion and cell polarity 
 Mammalian cells also use raft clustering to polarize their cell surfaces during cell 
migration or cell-cell contacting during immune recognition. In migrating neutrophils it 
was demonstrated that lipid raft clusters are localized to the rear of the cells in an actin-
dependent manner (Seveau et al., 2001). In migrating T-lymphocytes, Gomez-Mouton et 
al. showed that two types of raft clusters are assembled at opposite poles, at the leading 
edge and at the uropod (Gomez-Mouton et al., 2001). Recently, it was also demonstrated 
that when the T-cell receptor is activated, a condensed raft cluster is formed at the 
activation site (Gaus et al., 2005). Each raft clustering process is specific in that a subset 
of raft components is included in the assembly, associating and disassociating from the 
cluster dependent on their raft partitioning characteristics (Kusumi et al., 2005; Simons 
and Vaz, 2004) and the kinetics of the protein-protein interactions (Douglass and Vale,
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2005; Harder, 2004). Raft clustering to generate cell polarity seems therefore to be a 
general mechanism that is conserved up to mammals. 
  The other part of my thesis implies that raft clustering could be a mechanism of 
how transport carriers were formed at the TGN, and that cargo sorting is dependent on 
this clustering mechanism. Thus, cell surface polarity and secretory machinery work 
based on similar molecular principles. The cell could exploit these principles to achieve 
protein and lipid asymmetry which is of essential importance for correct functioning of 
cell physiology, be it the polarized outgrowth of an axon, the construction of an 
immunological synapse, the polarity maintenance of an epithelia cell or the mating tip 
formation in yeast. 
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Material and Methods 
The Screen 
Plasmids 
 The plasmid p55 carried the construct FusMid-GFP, consisting of the 
extracellular domain of Fus1p and the TMD and cytoplasmic domain of Mid2p. The 
galactose inducible GALs promoter drove the expression of FusMid-GFP. 
FusMid-GFP was produced by coligation of PCR fragments encoding the extracellular 
domain of Fus1p amplified from p30 (Fus1-GFP) with primers containing XbaI and BglII 
and the TMD and cytoplasmic domain of Mid2p amplified from p35 (Mid2-GFP) with 
primers containing BglII and HindIII sites.   
 For colocalization purposes p127 (DsRed-FYVE) and p128 (SEC7-DsRed) were 
used. The first was driven constitutively by a GPD promoter from a centromeric vector 
(pRS415), and the latter was regulated by an ADH promoter in the same background 
(Mumberg et al., 1994; Mumberg et al., 1995). 
 To generate p127 we cut out the sequence encoding DsRed-FYVE from a pRS425 
based plasmid expressing DsRed-FYVE controlled by a Met3 promoter kindly provided 
by S. Emr (University of California, San Diego) and ligated downstream of the GPD 
promoter to the pRS415 (CEN- plasmid) vector using SpeI/NotI sites. 
 To produce the plasmid p128 we used YIplac204-T/C-SEC7-DsRed.T4 kindly 
provided by Benjamin Glick (University of Chicago, Chicago) as a donor of the Sec7-
DsRed gene. Sec7-DsRed is almost 7 kb long, and the attempt to clone the entire gene in 
a single cloning step was unsuccessful. Instead, we removed the middle part of the gene 
by digesting the plasmid with SpeI and religating the open ends afterwards. This 
truncated version of the gene was PCR amplified with primers containing NheI and XhoI 
sites and introduced to the PCRII-TOPO vector (TOPO TA Cloning Kit, Invitrogen 
K4660-40). Then the insert was removed from the PCRII-TOPO vector with NheI/XhoI 
digestion and ligated to the pRS415 vector (Mumberg et al., 1994; Mumberg et al., 1995) 
linearized with XbaI/XhoI downstream of the constitutive ADH promoter. Next the 
plasmid was digested with SpeI and co-transformed with YIplac204-T/C-SEC7-
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DsRed.T4 to yeast cells to recover the deleted fragment of SEC7-DsRed by "gap-repair." 
The plasmid was isolated from yeast cells and amplified in bacteria. The correct sequence 
of the insert was verified by sequencing. 
 
Yeast strains 
 All the yeast strains used in this study came from a deletion library which was 
purchased from EUROSCARF (European Saccharomyces cerevisiae archive for 
Functional analysis) encompassing a genome wide set of single deletion mutants arrayed 
in a 96 well format. Deletions were made in BY 4742 (Boone Yeast) strains derived from 
the S288C background (MATa; his3∆1; leu2∆0; met15∆0; ura3∆0). Other strains used 
were from the Riezman lab: RH690-15D (MATa; his4, leu2, ura3, lys2, bar1), RH1965 
(MATa; his4, leu2, ura3, lys2, bar1end 4::LEU2) and RH690-13D (lcb1-100; MATa; 
his4, leu2, ura3, lys2, bar1).  
 
Yeast culture handling 
 The yeast library was arrayed in a 96 well format. To transfer cells between agar 
plates and liquid cultures we used a 96- floating pin replicator containing 23mm long pins 
with a diameter of 1.58 mm (V&P Scientific, San Diego, catalog # VP 408FH). 
 To transfer maximal amount of cells from liquid media to agar selection plates we 
used a self-made 96 fixed pin replicator with 16mm long and 4mm wide pins.  
 Both replicators were sterilized in a routine of 2 water washes, 1 intermediate 
wash in bleach (10vol% sodium hypochlorite) with following two washes in water and a 
final set of three flame sterilizations after bathing the instrument in absolute ethanol. 
  
Plates 
 Liquid cultures were performed in standard 96 well plates. Cultures on solid 
plates were prepared in single way OmniTray plates from Nunc (Cat# 242811). 
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Media and 96 well transformation 
 The library was stored in yeast extract/peptone medium containing 2% dextrose 
(YPD) and 15% glycerol (added from a 60vol% stock) at -80˚C. To start the 
transformation the cultures were thawed and transferred with the floating pin replicator to 
solid YPD plates.  These were incubated for 3 days at 24˚C. Transformation was done in 
liquid medium. Using a 8-tip multi-channel pipette the 96 well plates were filled with 
transformation solution containing in 100µl per well 30µg of sonicated salmon sperm 
DNA (Stratagene catalog# 201190-81) denatured by incubation at 95˚C for 5min, 3µg of 
p55, 40% PEG, 1mM EDTA, 10mM TRIS•Cl pH 7.5 and 100mM lithium acetate. The 
transformation solution was mixed in a 100ml glass bottle before use.  
 Cells were taken with the fixed pin replicator from solid plates to the liquid 
transformation solution and incubated over night at RT. Next, the plates were wrapped 
with parafilm and incubated for 15 min at 45˚C in a water bath. The plates were cooled 
down and sedimented for 1h at RT, the liquid was gently removed with a multi-channel 
pipette and cells were transferred with the fixed pin replicator to solid plates containing 
synthetic dextrose minimal medium without uracil (SD-URA). The plates were incubated 
4 days at 24˚C and cells were transferred with the fixed pin replicator for a second round 
of selection (3-4 days incubation). Then, cells were transferred with a floating pin 
replicator to 96 well plates containing YPD 15% glycerol for freezing or YP 2% 
Raffinose (YPRaf) for following construct expression. For the induction YPRaf was 
changed to YP containing 2% Galactose. After incubation of 4h at 24˚C cells were taken 
to microscopy. For final image acquisition media of choice were Synthetic complete 
medium without uracil (SC-URA) and SC-URA-LEU, which was devoid of uracil and 
leucine containing either 2% raffinose for over night cultures or 2% galactose for 
construct expression.   
Microscopy 
 Microscopy was performed by using an Olympus BX61 microscope and an 
Olympus PlanApo x60/1.10 oil LSM objective a RT slider SPOT camera (Diagnostic 
Instruments) and METAMORPH software.  
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Preparing samples for microscopy 
 After construct expression two µl of living cells were collected by pipetting from 
the bottom of the well, placed on a glass microscopy slide, and gently covered with a 
cover slip. It is important to avoid pressing the cover slip down or immobilizing cells in 
agar since these treatments generate artifacts for the sensitive assay that we carried out. 
Also, too little material taken for the slide (especially when big cover slips are used) 
might damage cells because of adhesions forces generated by the cover slip. 
Invertase and a-factor (pheromone) secretion assay 
 In the invertase secretion assay and in the a-factor halo assay we used mutant 
strains derived from BY4742 (MATa). The procedure for determination of invertase has 
been described (Nair, J., Muller, H., Peterson, M. & Novick, P. (1990) J. Cell Biol. 110, 
1897-1909). The bioassay for a-factor secretion was performed as described (Julius, D., 
Blair, L., Brake, A., Sprague, G. & Thorner, J. (1983) Cell 32, 839-852). The sst1∆ 
mutant used in the a-factor halo assay was taken from the EUROSCARF deletion library. 
5x ODu of query strains (MATa) were spotted on YPD and incubated overnight at 25°C. 
Next day, those strains were replicated on a fresh lawn of sst1∆ (MATa) cells (0.05 
ODu). The development of patches surrounded by a halo of MATa cells was observed 
after 2 –3 days at 25°C. 
 
Colocalization experiments 
 For colocalization strains were cotransformed either with p55 and p127 (DsRed-
FYVE) or with p55 and p128 (SEC7-DsRed). Expression of both of the colocalization 
markers slightly affected protein transport. To avoid potential artifacts, all pictures of 
GFP fluorescence were taken without organelle markers containing p55 exclusively.   
 
Preparation of detergent resistant membranes- DRMs 
 Cells were lysed, treated wiuth Chaps and subjected to a Optiprep gradient 
centrifugation. After centrifugation a floating and a soluble fraction was obtained. The 
floating fraction was the DRM- detergent resistant membrane fraction. The pelleted 
fraction was the detergent soluble fraction. The presence of FusMid-GFP in the 
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respective fractions was analysed by SDES-PAGE and subsequent immunoblotting with 
an anti-GFP antibody (Roche Applied Science, Indianapolis IN, #11814460001) 
 
Vesicle purification and lipid analysis  
Plasmids 
 
Name Expressing plasmid type Source
p145 SUC2(invertase)RFP centromeric our lab
p146 GAP1K9K16-GFP-LTLM9 centromeric Bruno André, ULB, Gosselie, Belgium
p147 FUSMID-GFP-LTLM9 centromeric this study
p159 FUSMID-RFP centromeric this study
p163 GAP1-GFP centromeric Chris Kaiser, MIT, Boston,USA
p164 PMA1-LTLM9 centromeric this study  
Table 3 List of plasmids used in the vesicle isolation project 
 
 The plasmid p145 (INV-RFP) was made by restriction digestion and ligation of a 
fragment carrying invertase-RFP by SacI/HindIII to pRS415 (Leu-plasmid), which was 
prepared for ligation by restriction digestion with the same enzymes. 
 The plasmid p146 (GAP1K9K16GFP-LTLM9) was produced by amplifying 
LTLM9 (=linker1-TEVproteasesite-linker2-9fold-myc-tag) from the plasmid p138, which 
encodes VSVG-LTLM9. The PCR fragment was introduced to the PCRII-TOPO vector 
(TOPO TA Cloning Kit, Invitrogen K4660-40) and cut out with EcoRI/HindIII. This 
fragment was ligated to p1, which was double digested with EcoRI/HindIII. From the 
newly cloned plasmid LTLM9 was amplified using primers that contained a homology 
arm for the forward primer and a reverse primer annealing significantly downstream of 
the amplified fragment. The PCR product was then put into the target vector p99 that 
codes GAP1K9K16GF, which was linearized with XhoI by homologous recombination in 
RH690-15D. 
 The plasmid p147 was produced with the same strategy as p146. The difference 
was that the target vector was p55 (FUSMID-GFP), which was linearized with HindIII. 
Recombination to render p147 was done in RH690-15D. 
MATERIAL AND METHODS 
108 
 The plasmid p 159 (FUSMID-RFP) was produced by restriction digestion of p148 
carrying FUSMID-RFP with SacI/XhoI and ligation to pRS415 that was digested with the 
same enzymes.  
 To make the plasmid p163 (GAP1-GFP) DNA containing GAP1-GFP was 
amplified from p29 (GAP1 under its own promoter) with primers containing a homology 
arm as for the forward primer and using GFPS65T as recombination site for the reverse 
primer. The plasmid p35 (MID2-GFP) was digested XbaI/BamHI and recombination of 
PCR fragment and linearized vector was done in RH690-15D. 
 For production of p164 (PMA1-LTLM9) LTLM9 was amplified from p1- LTLM9 
using primers which had a homology arm for the 3’ end of PMA1 and created a long 
vector homology because the reverse primer anneled significantly downstream of 
LTLM9. The target plasmid p106 (PMA1-GFP) was linearized with HindIII and 
recombination of the PCR fragment and the vector was done in RH690-15D.  
 
Yeast strains  
 Yeast strains used in this study were derived from NY179 (Novick Yeast). KSY 
302 (original name NY778) carried a temperature sensitive allele sec6-4 in the exocyst 
subunit Sec6p. The genotype of KSY302 is sec6-4; leu2-3,112; ura3-52. The 
cossresponding WT strain NY 179 had the name KSY301 and had the genotype leu2-
3,112; ura3-52. KSY369 which was produced suring this sudy stemmed from KSY302 
and carried a deletion for ELO3 (leu2-3,112; ura3-52; sec6-4; elo3∆::kanMX4). 
 
Antibody purification 
 The sheep anti mouse antibody was affinity purified using an NHS column from 
amersham. Sheep serum was circulated with a peristaltic pump over the mouse IgG- NHS 
column. The sheep antibody was eluted with a pH jump (to pH2.5 in 100mM glycine) 
and neutralized rapidly to pH 7.5. The antibody concentration was determined by micro 
Bradford and the purified antibody was dialyzed over night. The antibody was finally in a 
borate buffer system and ready for coupling to the cellulose. 
To produce the mouse IgG-NHS column following protocol was used: 
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1. Dissolve chrome pure mouse IgG (Dianova) (10mg/ml) in coupling buffer (0.2M 
NaHCO3, 0.5M NaCl, pH8.3). Dissolve in 1ml for the 1ml column. SDS can be 
added in the case of the ligand not being readily soluble. In this case SDS was not 
used. 
2. Remove the top cap of the column and place a drop of ice cold 1mM HCl to the 
column to prevent air bubbles. 
3. Connect to the Luar adapter. 
4. Remove the twist off end. 
5. Using a syringe wash out the isopropanol with 6 volumes of ice-cold 1mM HCl. 
Keep the flow rate low to avoid crushing the matrix. 
6. IMMEDIATELY inject the ligand solution onto the column. Seal the column. 
7. Let it stand for 15-30min at room temperature (25˚C). 
8. To deactivate any excess active groups, wash the column with the following. 
i. Buffer A: 0.5M Ethanolamine, 0.5M NaCl, pH 8.3 
ii. Buffer B: 0.1M Acetate, 0.5M Nacl, pH4  
b. Inject 3x2ml of buffer A 
c. Inject 3x2ml of buffer B 
d. Inject 3x2ml of buffer A 
e. Let it stand for 30mins at room temperature. 
f. Inject 3x2ml of buffer B 
g. Inject 3x2ml of buffer A 
h. Inject 3x2ml of buffer B 
i. Finally inject 2ml of a buffer with neutral pH. 
For long-term storage inject the storage solution e.g. 50mM Na2HPO4 containing 10mM 
NaN3 and place the column tightly sealed at 4˚C.  
The mouse-IgG-NHS column was then used to purify anti mouse antibody from sheep 
serum. Before use columns were equilibrated in 20mM TRIS•Cl pH 7.5. The serum was 
thawed, diluted in 1 volume 20mM TRIS•Cl pH 7.5, heat inactivated for 30 min at 56˚C 
in a water bath, centrifuged 20 min at 3000rpm in a 50ml Falcon tube and then loaded on 
the affinity column.  For a 5ml affinity column usually 25ml serum mixed with 25ml 
buffer were loaded and circulated with a peristaltic pump over night at 4˚C. 
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For column washing and antibody elution I used the following protocol: 
1. Wash the column with 20 column volumes 20mM TRIS pH7.5 and then a further 
20 volumes 20mM TRIS pH 7.5, 500mM NaCl. 
2. Elution was performed with 100mM glycine at pH 2.5. 
3. Care must be taken to rapidly neutralize (see below) the eluate since the antibody 
can be inactivated by prolonged exposure to low pH. 
4. To neutralize the antibody eluates, prepare 10x 15ml Falcon tubes (into which the 
eluate will be collected) by adding 500µl TRIS•Cl pH 8.8. 
5. Elute the antibody at 4˚C and collect 4.5ml of eluate in each tube. Check the pH 
of the collected eluate on a tube-by-tube basis with pH paper and adjust to pH7.5 
if necessary.  
6. Using BioRad Bradford reagent (10µl neutralized eluate +200µl diluted reagent) 
identify and pool those fractions containing the antibody. These antibodies will be 
dialysed. 
7. After elution of the antibody at low pH the column should be washed with 20 
volumes of 20mM TRIS•Cl pH8.8 and checked for the pH of the flow through. 
8. Pool the peak antibody fractions and dialyse against 0.2 M borate buffer pH 8.2, 
containing 0.2 M KCl over night and the following day at 4˚C(2x5l). 
9. Wash the column with 10 column volumes of 20mM TRIS pH 7.5. 
10. Wash the column with 10 column volumes of 20mM TRIS pH 7.5, 0.5M NaCl. 
11. Wash the column with 10 column volumes of 100mM glycine pH 2.5. 
12. Wash the column with 10 column volumes of 20mM TRIS pH 8.8. 
13. Wash the column with 10 column volumes of 100mM triethylamine pH 11.5. 
14. Finally, wash the column back into 20 mM TRIS pH 7.5 (20 column volumes) 
and store it tightly sealed at 4˚C.  
 
Production of SAMC - sheep anti-mouse cellulose 
 To produce an antibody coupled cellulose immunoadsorbent, cellulose had to be 
activated chemically to create first an aminocellulose and then in a next set of steps 
diazocellulose which was very reactive and used to bind the sheep antibody. The detailed 
steps of the activation procedure is displayed here: 
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Protocol for production of the aminocellulose 
1. Dissolve 0.5 g sodium acetate in 2 ml H2O and 1.4 g N-(3-nitrobenzyloxymethyl)-
pyridinium chloride in 18 ml absolute EtOH. Mix and add 5 g cellulose powder and stir 
to a slurry. Pour into a large, clean glass Petri dish (15cm diameter). 
2. Heat at 70˚C until the cellulose is dry (≈ 30 min) and then for an additional 40 min at 
125˚C in a heating oven. The cellulose turns light brown and the colour will wash out 
during the next steps.  
3. Wash 3 times with 100 ml benzene in a sintered glass funnel (10cm) and suck dry. 
4. Wash with 1L H2O and then suspend in 150 ml H2O containing 30 g sodium dithionite. 
Mix at 55-60˚C for 30 min with a glass rod or with the thermometer on a water bath. 
5. Wash three times with H2O, 2x with 30% acetic acid (v/v) and again with H2O. Here 
the washing is done with a Buchner funnel and Whatman #41 filter paper. 
6. Dry in lyophilisator over night or dessicator at RT. Store dry and dark at 4˚C. The 
Amino cellulose is stable for several months. If the color is a bright yellow the cellulose 
won’t be active. It has to be white and in a fluffy consistence like powder snow.   
Production of diazocellulose out of aminocellulose 
1. Dissolve 750mg copper(II)chloride in 1ml H2O then add 10 ml fresh 1N NaOH and 
stirr very carefully. Put the tube you operate in on ice that helps for the next step. 
2. Filter the turquoise to dark blue precipitate through 3 layers of Whatman 41 paper in a 
Buchner funnel. Wash till pH of wash < 9 (300-400 ml H2O). 
3. Partially dry the precipitate on the funnel and dissolve it in 20 ml 32% ammonia to 
give a saturated solution. Use a 50ml Falcon tube. (Do not use red capped Sarstedt tubes: 
they dissolve!). The color turns to cobalt blue. The solution should be very clear and 
intense in color. If not you won’t be able to dissolve the precipitate later on.  
Rotate the tube for 15 min at RT and centrifuge at 2000 rpm for 2 min. 
4. Dissolve 250mg aminocellulose in 20 ml of the ammoniacal cupric hydroxide solution. 
Continue to rotate for 15 min. Seal the lid with parafilm. Be careful when you open the 
tube it might be slightly under pressure. All of the cellulose should be dissolved 
immediately if you get a big pellet this port of the cellulose will not be reactive. 
5. Centrifuge as above, decant the supernatant (which contains the dissolved cellulose) 
into 750 ml distilled H2O in a 1l glass cylinder; (discard the pellet: only a small amount 
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of the aminocellulose should pellet). Add 100 ml of 10% (v/v) H2SO4 until the solution 
becomes almost colorless and the pH drops below 4. Let the solution stand for 30 min to 
1h, allow the cellulose to sediment and decant the supernatant. Usually 100ml are left that 
fit into two Falcon tubes. Centrifuge them as above and unify then the pellets into one 
tube. Wash the precipitated cellulose four times with distilled H2O, by pelleting and 
resuspension (use 50 ml Falcon tubes). 
6. Suspend the cellulose pellet in 25 ml 2N HCl at 4˚C. In HCl the cellulose turns 
pinkish. Add 200µl fresh 10% (w/v) sodium nitrite and the cellulose will bleach to white. 
Rotate for additional 20 min at 4˚C. 
7. Wash with 4˚C solutions: three times with distilled H2O. Twice with 0.2 M borate 
buffer pH 8.2, containing 0.2 M KCl. Resuspend finally in 25 ml of 0.2 M borate buffer 
pH 8.2 containing 0.2 M KCl. 
8. Test the diazocellulose by adding 50 µl 2-naphtol (2-3 small granules to 1 ml H2O) to 
0.5 ml of diazocellulose. It should turn bright orange. 
Do not store the diazocellulose. Proceed with protein coupling immediately.  
Coupling the antibody to the diazocellulose 
 Ideally 1mg antibody should be added to 1mg of diazocellulose. This will result in 
binding of around 250µg of antibody in the final preparation. The antibody should be 
dialyzed in 0.2 M borate buffer pH 8.2 and cooled to 4˚C. 
 To start the coupling 50-75 mg of antibody dissolved in about 25 ml of buffer was 
added to about 100mg of diazocellulose. The tube was wrapped with aluminum-foil and 
incubated over night at 4˚C on a rotating weal. At the end of the incubation the cellulose 
was pelleted in 5min centrifugation at 2.5krpm. The cellulose was washed in 0.2 M 
borate buffer pH 8.2 containing 0.2 M KCl three times and the protein concentration 
determined with a micro Bradford. The sheep anti mouse cellulose was stored at 4˚C and 
equilibrated in PGCP before use.  
Buffers 
LY was yeast lysis buffer containing 800mM sorbitol , 1mM EDTA and triethanolamine 
(TEA) pH7.4. 
LYCP stands for yeast lysis buffer with the protease inhibitors CLAP and PMSF.  
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PGCP was PBS containing 1% (w/v) gelatin with  protease inhibitors  
PGD was PBS/ 1% (w/v) gelatin containing 1mM DTT and 10% (v/v) DMSO. 
PGDT was PGD with 10% (v/v) TEV protease.  
Protein determination with micro Bradford assay 
 Concentrated Bradford reagent from BioRad was diluted 1:5 in water. 10 µl of 
sample was spotted on a 96 well plate and mixed with 200µl of diluted Bradford reagent. 
If necessary a dilution series was produces. The absorption at 572nm was determined and 
calculated back to a protein concentration with a standard curve of 500, 250, 125 and 
62.5 µgBSA/ml. The sensitivity was usually the best between 60 and 300µg/ml. 
Diffraction index determination using a refractometer  
10µl of the sample was put on the prisma and diffraction indices were read. 
 
Polyacrylamidelectrophoresis (PAGE) and Western Blotting 
Antibody raised in concentration volume buffer secondary source
Pma1 rabbit 1:50000 50 5% milk in TBST 1:5000; anti (rabbit) HRP in TBST Serrano Valencia
Pma1 mouse 1:10000 10 5% milk in TBST 1:5000; anti (mouse) HRP in TBST
GFP-Roche mouse 1:1000 10 5% milk in TBST 1:5000; anti (mouse) HRP in TBST
GFP-SC mouse 1:1000 10 5% milk in TBST 1:5000; anti (mouse) HRP in TBST
Gas1 rabbit 1:1000 10 5% milk in TBST 1:5000; anti (rabbit) HRP in TBST Simons MPI-CBG
Chs3 rabbit 1:5000 10 5% milk in TBST 1:5000; anti (rabbit) HRP in TBST Schekman UCBerkeley
Chs2 rabbit 1:5000 10 5% milk in TBST 1:5000; anti (rabbit) HRP in TBST Schekman UCBerkeley
Pep12 rabbit 1:1000 10 5% milk in TBST 1:5000; anti (rabbit) HRP in TBST
Sec61 rabbit 1:2000 10 5% milk in TBST 1:5000; anti (rabbit) HRP in TBST Walter UCSF
Sed5 rabbit 1:2000 10 5% milk in TBST 1:5000; anti (rabbit) HRP in TBST Mike Lewis MRC
Sec4 rabbit 1:4000 10 5% milk in TBST 1:5000; anti (rabbit) HRP in TBST
Bgl2 rabbit 1:40000 10 5% milk in TBST 1:5000; anti (rabbit) HRP in TBST Schekman UCBerkeley  
Table 4 Antibodies used in the vesicle isolation project. 
 
SDS gels were used with 7.5, 10 and 15% acrylamide. Standard protocols for running 
buffers were used (TRIS-glycine approach).  Sample buffer contained 10 % β-
mercaptoethanol. For silver gels of samples of the vesicle purification I used gradient gels 
from Novagen 7.5-15% in a MOPS buffer system. Antibodies were used according to 
Silver staining of gels 
 Silver staining of gels was done using the following protocol: 
The gel was incubated 10 min in 50% Methanol (100 ml). (the longer the better, also 4 °C 
o/n). Then it was put 10 min 5% Methanol (100 ml, can also be very long) and kept for 
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10 min in 40 µM DTT in 100 ml H20 (4 µl of 1 M stock solution). Then the gel was 
rinsed with H20 5-10 sec and incubated for another 10 min in 0.1% AgNO3 in H2O. After 
that the gel was washed 3-4x with H2O for 5-10 sec. For development 1/3 volume of 
developer was added, incubated until it turned yellow (ca. 20 sec) and then replaced with 
2/3 of developer. The reaction was stopped with citric acid powder after 2-3 min. The 
recipe of the developer For one gel was 7.5 g Na2CO3, 125 µl formaldehyde (37%) in 250 
ml H2O.  
 
Vesicle purification 
 Vesicle purification were performed with material from the strain KSY302 (sec6-
4) transformed with the plasmid containing the FUSMID-GFP-LTLM9 (p147) or 
GAP1K9K16-GFP-LTLM9 (p146) as bait and the plasmid expressing the HDSV marker 
invertase SUC2-RFP (p145).  
 Day1 Freshly streaked yeast transformed with the plasmid combinations p147 and 
p145 or p146 and p145 was used to inoculate over night precultures with a volume of 
30ml in synthetic complete medium missing uracil and leucine (SC-URA-LEU) 
containing 2% raffinose (SC-URA-LEU Raf) 
 Day2 After 24h the cultures reached an OD600 of 2-3. This was used to inoculate 
two 500ml cultures (SC-URA-LEU) with a starting OD600 of 0.05.  
 Day3 Within 12h these cultures reached an OD600 of 0.5-0.7. To change the 
medium for construct expression cells were pelleted (in a Avanti centrifuge at 4000g,4 
min at 4˚C) and resuspended in SC-URA-LEU medium containing 2% Raffinose and 2% 
Galactose (SC-URA-LEU RafGal).  
 This culture was shifted to 37˚C/restrictive temperature to impose the secretion 
block by inactivating sec6p-ts and accumulating secretory vesicles.  
 After 1h incubation in SC-URA-LEU RafGal at 37˚C NaN3 was added to a final 
concentration of 10mM (from a 5M stock) and incubated for another 20min. NaN3 should 
poison the AAA-ATPase NSF and thereby locking vesicular traffic.  
 The cells were pelleted 4min at 4000g and 4˚C, put on ice, resuspended in 6ml 
LYCP, giving a final volume of around 7-8ml cells. The volume for resuspension 
depended on the gradient centrifugation later on. When the protocol was set for the 
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isolation of vesicles from a Nycodenz gradient volumes were used as described. If a 
vesicle fraction should have been generated in a sucrose gradient the resuspension 
volume was limited to 2 ml, so that the S20 had a total volume of not more than 2ml. 
Check below for details. Then, cells were ruptured in eight (for sucrose centrifugation in 
two) 2ml Eppendorf cups, which were preloaded with 1ml sirconia beads. Cell lysis was 
done in a 10 times repeated routine of 1min shaking in a rupture genie vortexer with a 
subsequent 1min break to cool down the cells. 10vol% of the total cell extract was saved 
for lipid MS and frozen at -20˚C.  
 Subcellular fractionation A 700g spin at 4˚C in a tabletop Eppendorf cooling 
centrifuge separated nuclei and unbroken cells as well as cell debris, which was mainly 
cell wall, from other organelles. The pellet (P7) and the supernatant (S7) were quality 
controlled under the microscope. P7 was discarded and S7 subjected to a 20,000 g spin at 
4˚C for 30 min. P20 was frozen at -20˚C for later isolation of plasma membrane. S20 
(Vtotal= 8ml) was highly enriched in secretory vesicles, containing Golgi, ER and 
endosomes, too. S20 went for vesicle isolation either directly on a sucrose gradient or on 
the Nycodenz gradient to render the classical light density secretory vesicle fraction 
LDSV.   
 Vesicle isolation on a linear Nycodenz gradient was done by pelleting total 
membranes of S20 in a 90 min centrifugation at 4˚C using the swing-out rotor SW60Ti 
with 4ml tubes at 31 krpm (=100,000gav). To protect the vesicles from damage a 50µl 
40w/w% NLY cushion was places at the bottom of the tubes. This was done using spinal 
biopsy needles on a 1ml syringe. The supernatant S100 was discarded and P100 was 
resuspended in NLY and afterwards adjusted to 40w/w% NLY. This was done by the 
following the diffraction index of the sample measured on a refractometer. 40 w/w% had 
an µd of 1.43. The method of choice was adding 200µl of 40% NLYCP, resuspending 
thoroughly, adding 400µl of 60% NLYCP, resuspending again and then slowly adjusting 
the µd to 40 w/w% NLYCP. The sample was loaded on the bottom of a 11ml linear 15-40 
w/w% Nycodenz gradient in LY buffered to pH 7.4 with triethanolamine 10mM (TEA) 
using a 5ml syringe with a 12 cm needle. The gradient was made with the help of a 
gradient maker from Labconco.  
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Final volume of the gradient was 12 ml. This was centrifuged over night 16-20h (12 is 
enough) at 29krpm in a SW40Ti rotor at 4˚C. 
 Day4 The gradient was fractionated using the Labconco gradient maker in 
remove-mode and stored in 500µl fractions on ice until the diffraction index was 
measured. When the density of the fractions was determined 50µl of each fraction went 
to the preparation of SDS PAGE samples and 10 µl went for protein determination by a 
micro Bradford assay in 96 well plates. About 400µl of each sample were left and the 
light density secretory vesicle fractions (LDSV) were pooled (usually fractions 4-8 from 
the top). This made a total volume of 2ml. The pooled fraction where split into two equal 
parts of each 1ml. One half went to Immunoisolation and the other half was kept for MS 
or subjected to sucrose density centrifugation. Usually the gradient p;rofile was analysed 
by SDS PAGE and western blotting for the organelle markers and several secretory 
proteins including anti-Sec61p (ER), anti-Sed5p (intra Golgi t-SNARE), anti-Pep12p 
(late endosomes t-SNARE). As for the cargo gels were blotted and analyzed with anti-
GFP antibody for the immunoisolation bait FusMid-GFP of Gap1K9K16-GFP, anti-
Pma1p as the classical LDSV marker, anti-RFP to detect Invertase-RFP marking the 
HDSV fraction, anti-Gas1p which was the classical raft marker for ER to Golgi 
trafficking, anti-Chs3p (which is stored at the chitosome and secreted via a coat mediated 
pathway) and anti-Chs2p. 
 For the Immunoisolation 1ml LDSV were diluted with 0.5vol PBS containing 1% 
gelatin and protease inhibitors CLAP and PMSF (PGCP). Samples were inverted on an 
overhead weal for 10 min and mouse anti-myc antibody was added (1:1000, antibody-
mass to total protein). The samples were incubated for 2-4 h to allow proper labeling with 
the antibody. The sheep anti-mouse cellulose (SAMC), which was later on used to 
immunoisolate the vesicles was now washed (spin down the cellulose 5min with 2.5krpm 
in a tabletop centrifuge at 4˚C and give a quick spin for 30sec up to 7krpm in the end) in 
PGCP twice and incubated in PGCP for the same time like the sample with the antibody. 
 Routinely, 1ml cellulose was used per experiment.. After 2-4h the cellulose was 
pelleted like described above and the immunolabeled vesicles were loaded on the 
cellulose which was gently resuspended and then incubated over night at 4˚C on a 
rotating weal in a 2ml Eppendorf cup with safe lock.  
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Day5 The vesicle elution started by pelleting the cellulose (2.5krpm, 5min with a quick 
spin to 7krpm at the end at 4˚C). The supernatant was the so-called “flow through (FT)” 
of the immunoisolation containing the material, which was not bound to the cellulose. 
The FT was kept for later sample preparation. Next, the pelleted cellulose was washed 
twice with PG containing 1mM DTT and 10%vol DMSO (=PGD). From here to the end, 
protease inhibitors were not used anymore because they interfered with the lipid MS later 
on in the experiment. After the first wash the cellulose was resuspended in 1ml PGD and 
10% of the total volume of the sample (100µl) were taken aside to determine the vesicles 
bound (B) to the cellulose.  The supernatant after the second wash (W) was also stored to 
later on determine the unspecific bound material that should get released during the wash 
steps. The pelleted cellulose got then resuspended in 1ml PGD containing 10%vol TEV 
protease (=PGDT) and incubated for 4h on a 96 well shaker where the cellulose was 
sedimented after 2h. The cellulose got stirred up again by inverting the Eppendorf cup 
gently and incubation for another two hours on the shaker. After that the cellulose was 
pelleted in a centrifugation step at 4˚C, 5min at 2.5krpm with a final quick spin for 30sec 
up to 7krpm. The supernatant was the vesicle elution (E). After the supernatant had been 
aspirated the cellulose got pelleted harshly at 13krpm, 1min and 4˚C. The supernatant got 
added to the elution fraction and the pellet got resuspended in PGD and washed twice. 
The supernatant after the second wash was taken up in 1ml PGD and 10%vol were taken 
for western analysis of the fraction not eluted remaining (R) on the cellulose.  
 For SDS polyacrylamide gel electrophoresis (PAGE) samples were prepared as 
described above and gels were blotted for western analysis with organelle markers and 
secretory proteins as previously described for the gradient profile.  
 Sucrose step gradient centrifugation was done with supernatants from the 20kg 
centrifugation, the last step of the subcellular fractionation, or came from a Nycodenz 
LDSV fraction. As mentioned above the total volume of vesicle enriched cells were taken 
up after construct expression was at maximum 2 ml. The S20 had then the same volume. 
S20 was enriched in vesicles, ER and Golgi. This mixture or the LDSV fraction was 
loaded on top of a sucrose step gradient with a total volume of 6.3 ml. The profile of the 
gradient was made from sucrose buffered with 10mM TEA pH7.4 starting with 2ml 55% 
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at the bottom, 250µl 50%, 250µl 37.5%, 1.4ml 35%, 1.4ml 30% and finally 1ml of the 
sample at the top. All % are w/w. The tube had to be filled up to the top and got then 
sealed with the electrical tube topper. The sealed tubes were mounted onto a vertical 
gradient rotor VTi65.1 and centrifuged 2.5h at 4˚C and 65,000rpm (=400.000gav).  
 The centrifugation profile started with maximal acceleration and ended with a 
final brake that took 6min for the last 500rpm to stop. The gradient was fractionated into 
500µl fractions using a peristaltic pump and fractionation was done through a glass 
capillary from the bottom of the tube. The density of the fractions was determined by 
diffraction index measurements with a refractometer and fractions with a µd of 1.405- 
1.41 were usually unified as the vesicle fractions. Protein concentration was determined 
by the micro Bradford test and 10vol% were taken for sample preparations later on 
analyzed with SDS PAGE and western blotting as described above.  
 Immunoisolation from the vesicle fraction generated by sucrose gradient 
centrifugation was performed as described above. Briefly, Samples were diluted in 
PGCP, labeled with antibody (1:1000 antibody to total protein) and loaded on washed 
cellulose, incubated over night and eluted with TEV protease. The purification was 
quality controlled by western blotting for the markers as mentioned earlier.  
 Total cell extracts, vesicle fractions (LDSV or sucrose secretory vesicles SSV) 
and immunoisolations (eluates) were then prepared by lipid extraction for lipid mass 
spectrometry.  
Lipid extraction 
 The lipid extraction was done as described in (Ejsing et al., 2006b) with minor 
modifications. Extraction was performed in the cold and in a two step procedure without 
alkaline hydrolysis.   
Lipid mass spectrometry 
 Lipid mass spectrometry was performed as described in the thesis of Christer 
Ejsing, Molecular characterization of the lipidome by mass spectrometry. Briefly, 
quantitative MS was possible by spiking total lipid extracts with unique lipid standards 
and performing structure specific mass analysis by hybrid quadrupole time-of-flight and 
ion trap mass spectrometry.   
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Surface polarization during yeast mating 
Plasmids 
 Plasmids used in this part of my thesis are listed in Table 3. All constructs were 
derived from the Mumberg plasmid p416. Their expression was driven from the inducible 
GALs promoter. The plasmids p4269, p4580 and p4667 containing mutants of FUS1 
under control from its own promoter were kind gifts of Charly Boone (University of 
Toronto, Toronto, Canada). The plasmid expressing GFP-SNC1 under control of the 
constitutive TPI promoter was obtained from Hugh Pelham (MRC laboratory of 
Molecular Biology, Cambridge, UK). The plasmid p53 (MidFus-GFP) was generated by 
coligating a PCR fragment of the extracellular domain of Mid2p amplified from p35 
(Mid2-GFP) by using primers containing XbaI and BglII and the Fus1-GFP sequence 
which was amplified from p30 (Fus1-GFP) with primers containing BglII and HindIII. 
The plasmid p30 (Fus1-GFP) was made as published (Proszynski et al., 2004). The 
plasmid p35 (Mid2-GFP) was generated by coligation of the PCR amplified MID2 
sequence from genomic DNA by using primers containing XbaI and BamHI sites, and the 
GFP sequence, which was amplified with primers containing BamHI and HindIII sites. 
The Plasmids p63, p65, p72 and p57 were created by the triple ligation method, where 
two PCR amplified fragments are introduced in one vector. To get p63, PCR products of 
the extracellular domain of FUS1 linked to the TMD of MID2 (amplified from p55 with 
primers containing XbaI and BamHI sites) and a DNA fragment encoding the 
cytoplasmic domain of FUS1 fused to GFP (amplified from p53 with primers containing 
BglII and HindIII sites) were coligated to p1 (Mumberg GALs, p416), which was XbaI 
and HindIII double digested. To create p65, a DNA fragment coding for the extracellular 
domain of MID2 linked to the TMD of FUS1 was amplified from p53 with XbaI and 
BamHI on the primers, and a DNA fragment of the cytoplasmic tail of FUS1 coming 
from a PCR of p35 conducted with primers having BglII and HindIII on them, were fused 
to XbaI and HindIII double digested p1.  
 To make p72 a DNA fragment encoding the extracellular domain and the TMD of 
FUS1 amplified from p30 using primers containing XbaI and BamHI sites and a DNA 
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fragment containing the cytoplasmic tail of MID2 fused to GFP (prepared as for p65) 
were coligated to the XbaI/HindIII double digested vector p1. 
 Plasmid p57 was created by coligation of a DNA fragment encoding GFP 
(flanked by BamHI/HindIII sites) with a DNA fragment of the truncated version of 
FUS1-SH3Δ (amplified from P30 with primers containing XbaI/BglII sites) into the p1 
based backbone cut with XbaI/HindIII. 
 The plasmids p94 and p97 were constructed by homologous recombination in 
RH690-15D cells. To generate p94 a DNA fragment obtained from p63 with 
BglII/HindIII digestion coding the TMD from MID2 and the cytoplasmic tail from FUS1 
followed by GFP was cotransformed with p35 that was linearized with BamHI. 
 To create p97 a DNA fragment coding the truncated cytoplasmic tail of FUS1 
fused to GFP, which was PCR amplified from p57, was cotransformed with NheI cut p97. 
The successful recombination was verified by observation of fluorescence in the 
microscope and sequencing of the plasmids. 
Plasmid  Expressing Plasmid type Source Original name
p30 FUS1-GFP centromeric Our previous studies no
p35 MID2-GFP centromeric Our previous studies no
p53 MID-FUS centromeric Our previous studies no
p55 FUS-MID centromeric Our previous studies no
p63 FUS(TMD-MID) centromeric This study no
p65 MID(TMD-FUS) centromeric This study no
p72 FUS(cyt-MID) centromeric This study no
p94 MID(cyt-FUS) centromeric This study no
p97 MID(cyt-FUS!SH3) centromeric This study no
p57 FUS1!SH3 centromeric This study no
p115 Fus1p(P422A)-SH3 centromeric C. Boone lab p4269
p116 Fus1p-SH3(W473S) centromeric C. Boone lab p4580
p117 Fus1p(P422A)-SH3(W473S) centromeric C. Boone lab p4667
p109 SNC1-GFP centromeric H. Pelham lab TPI-GFP-SNC1
p1 (vector ) centromeric W. Zachariae lab p416  
Table 5 Plasmids used in the mating tip polarity project. 
 
Yeast strains 
 For the mating tip project the following yeast strains were used: RH690-15D 
[wild-type] (Mata his4, leu2, ura3, lys2, bar1) which was obtained from H. Riezman, 
RH1965 [end4Δ] (Mata his4, leu2, ura3, lys2, bar1, end4::LEU2) and RH268-1 [end4-1 
ts] (Mata his4, leu2, ura3, lys2, bar1, end4-1 (ts)) were obtained from the Walch-
Solimena lab (MPI-CBG). 1302-WT (BY4742), pea2, bni1, fus2, spa2, bud6, fus1 and 
MATERIAL AND METHODS 
121 
ste5 deletions are in BY strains derived from S288C (MATa; his3∆1; leu2∆0; met15∆0; 
ura3∆0) and were obtained from EUROSCARF (European Saccharomyces cerevisiae 
archive for Functional analysis).  
Induction of mating response 
 Cells were grown over night in yeast extract/peptone (YP) medium containing 2% 
raffinose (YPRaf) as a carbon source at 24°C. For induction of expression from the GALs 
promoter, 2% galactose was added to the medium to get YPRafGal. To induce the mating 
response α-factor  (T-6901; Sigma-Aldrich, St. Louis, MO) was added to a final 
concentration of 5 µM and cells were incubated for 3h at 24°C (or as indicated).  
Microscopy 
 Microscopy for protein localization experiments was performed on living cells, 
which were resuspended in water, with an Olympus BX61 microscope. Images were 
acquired with a SPOT RT slider camera from Diagnostic Instruments, Inc. through a 
x100 oil immersion objective. Matching software came from METAMORPH. 
Laurdan imaging and GP (general polarization) 
 For Laurdan microscopy cells were treated for 10min with 5mM NaN3 and 4% 
paraformaldehyde at 24˚C. For further 5min 250µM Laurdan was added and cells were 
washed twice and imaged in water. Laurdan fluorescence was excited at 800nm with a 
Verdi/Mira 900 multi-photon laser system and intensity images were recorded 
simultaneously for two channels in the range of 400-445nm and 445-500nm.   
General polarization GP, was defined as follows: 
! 
GP =
I(400-460) " I(470-530)
I(400-460) + I(470-530)
 
GP was calculated for each pixel using Laurdan fluorescence intensity images. 
Pseudocolored images were then produced in Adobe Photoshop indicating the GP value 
with a color code. The GP values were determined at the mating tip or opposite the tip in 
a region measuring 1.2x 0.2µm, and each data point in the scatter plots represents 
derivatives from one individual cell. GP factors were corrected using the G-factor 
obtained for Laurdan in DMSO for each experiment. Means and standard deviations for 
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multiple comparisons were compared with one way ANOVA with Tukey’s post testing 
assuming Gaussian distributions (PRISM) (Gaus et al., 2003). 
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